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Preface

Preface

The growing interest towards electronically scanning arrays, both in warfare applications
(e.g. synthetic aperture radars) and in consumer electronics (e.g. wireless communications),
has resulted in an extensive research towards Beam Steering Units (BSUs) capable of
implementing fine-grained phase shifts at each of their antennas. The scope of this phase
reconfiguration is to conveniently focus and steer the radiation pattern of the phased array,
and thus obtain a behavior that is not achievable through single element antennas. Among
the many state of the art solutions that can be used to implement BSUs for phased arrays,
those ones that employ LO path phase shifters, such as DDS-PLLs, seem the most
promising. DDS-PLL:s are circuit solutions capable to synthesize, with an exceptional phase
resolution, phase shifted LOs in the GHz range from conveniently delayed low-frequency

signals.

The purpose of this thesis is to present the design and the implementation of a revised
DDS-PLL phase shifter, as well as its subsequent integration into a beam steering transmitter
prototype. The proposed architecture has been designed for an eventual System-on-Chip
(SoC) integration, in such a way that it could become a choice in space and weight

constrained scenarios.
This thesis is organized as follows.

Chapter 1 is an introduction on the topic of phased arrays, presenting their theory of
operation and some relevant state of the art architectures. An overview of traditional and

emerging applications of electronically scanning arrays is also reported.
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Chapter 2 recalls the working principles of common DDSs and PLLs in order to
introduce the standard DDS-PLL architecture. Known variants to the standard architecture

are also reviewed.

Chapter 3 deals with the design and the performance evaluation of a revised DDS-PLL
architecture based on Synchronous Delay Lines (SDLs) with programmable lengths, along
with a discussion on its FPGA-based prototype. Actual measurements performed in time-

and in frequency-domain are reviewed.

Chapter 4 presents the design and the performance evaluation of a beam steering
transmitter prototype based on DDS-PLLs. Actual measurements performed in time- and in

frequency-domain are reviewed.

Appendix is a discussion on the topic of FPGA-based prototyping and IP core based
designs, with a focus on SoC designs. Motivations, procedures and tools commonly

employed in the academia and in the industry are presented.



Phased array antennas

1 Phased array antennas

Phased arrays are antennas made up of at least two stationary elements whose radiation
pattern can be shaped and steered by assigning a convenient phase and amplitude relation to
the currents fed to each of its elements. An electronic control of these parameters allows to
implement directional radiation patterns that can be reconfigured without the need for
moving parts, even when starting from non-moving individual antennas. Though phased
arrays were first conceived in the early 1900s and have been used in warfare applications
since World War 11, their technology has evolved steadily, and nowadays the interest towards
their application in consumer electronics is growing quickly. In radar applications, electronic
steering provides dramatic improvements over mechanical scanning, since it is not affected
by inertia. In wireless communications, enhanced directivity allows to implement energy
efficiency due to an improved antenna gain. These benefits often overcome the cost and
complexity of phased arrays, if compared to single element antennas, especially when these

ones are unable to meet gain or radiation pattern requirements in critical applications.

1.1 Theory of operation

The main principle behind phased arrays is the constructive and destructive interference
of the electromagnetic waves radiated by each of its antennas. It is now shortly recalled the
mathematical model that describes how this physical principle affects the radiation pattern
of a phased array, in order to understand how phased arrays work and in what manner

reconfiguring the phase of the excitation currents fed to each of their elements impacts the
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overall radiation pattern. The electric field induced at a given point in space from a group of
antennas is:

—JKoR;

Eror —Zl f 0, 9) ——— 4TR,

where I; is the excitation current fed to the i element of the array, f ; 1s its radiation pattern

and R; is its distance from that point. For an array of identical elements working under a far

field condition:
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where F is the array factor, 7 is the scalar distance of the observed point from origin and
a, - 1; is the scalar product between of the radius vector of the observed point from origin
and the radius vector of the i" element of the array from the origin. The above equation
allows to assert that the radiation pattern of an array made up of identical elements is the
product between the radiation pattern of the antennas and the array factor, a concept that is

also known as pattern multiplication.

Let’s now focus the discussion on the most common phased array design, which is the 1-
D linear phased array, namely a configuration of N identical antennas that are equally spaced
along an axis by a distance d. It is now derived for this type of phased array the equation that
relates the steering angle to the phase shifts assigned to the excitation currents of two

adjacent elements. If the excitation current [; can be written as:

I; = I,e™ A0
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where AB is a constant phase shift between two adjacent antennas, the array factor of the

phased array is:
N

F=I Z o~ Ji(A0+Kod cos(@))

i=1

where id cos(®y) = @, - 7; from trivial geometrical considerations. Thus, the main lobe
direction @, obtained when F reaches its maximum value, can be calculated through the

following relation:
AB = —K,d cos(P,)

In order to achieve a main lobe direction @y = 90° namely a main lobe directed towards
broadside, AG = 0°. For a main lobe direction @3 = 0°, namely a main lobe directed towards
end-fire, A@ = —K,d. Figure 1.1 provides a graphical representation, in polar coordinates,
of the array factor of a 1-D linear phased array made up of 8 identical antennas equally spaced

of &/2 for three Af phase shifts, steering the main lobe direction @, to 90°, 45° and 0°.

Figure 1.1 — Array factor of a 1-D linear phased array (N=8, d=1/2). ®;=90°, 45° and 0°



Phased array antennas

The above study allows to understand how, in a 1-D linear phased array with a given N and
y p y 8

d, by affecting the phase of the excitation currents, a different shape for the overall radiating

pattern can be implemented. Many electronic subsystems that can provide these conveniently

phase shifted I; have been proposed in literature, implementing phased arrays that are

referred to as electronically scanning arrays.

1.2 Benefits of phased arrays

The above theoretical background allows to elaborate more on the benefits of
incorporating a phased array into a wireless system, such as spatial selectivity and gain

boosting.

Spatial selectivity in phased arrays is the capability to implement, under a convenient
working condition, radiation patterns that are characterized by a steerable main lobe, even
from non-moving individual elements, thanks to the previously defined array factor. This
means that, when working at the receiver end, undesired signals (namely interferers) that fall
outside the width of the main lobe are significantly attenuated, whereas when working at the
transmitter end, a reduced amount of power is transmitted towards undesired directions. For
a 1-D linear phased array where N = 4 and d = A/2, Figure 1.2 shows the array factor for
three different values of @g. The full width at half maximum (FWHM) of the main lobe
(namely at -3dB in the figure) is a measurement that allows to quantify the beam width
synthesized by the array. In this example, for @5 = 60° and @5 = 120° the resultant full
width at half maximum is FWHM = 30°, whereas for @y = 90° the resultant full width at

half maximum is FWHM = 26°. It seems important to remark that outside the beam width,

10
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the received or the transmitted signal strength is less than a half of that in the steering

direction.

Array Factor (dB)

1 1 —
80 100 120 140 160 180
Angle (Degrees)

Figure 1.2 - Array factor of a 1-D linear phased array (N=4, d=1/2). ®;=60°, 90° and 120°

The geometry of the array is another key parameter that determines radiation pattern of a
phased array. The array factor of a 1-D linear phased array where N = 4 and @y = 90° is
studied in Figure 1.3 whend = A/2,A/3 and A/1.5. It can be noted that an increased spacing
between the elements (with respect to A/2) causes the emergence of grating lobes, whereas
a decreased spacing causes a wider beam width for the main lobe. This is the reason why the
excitation currents fed to each element of the array are often weighted in their amplitude, as

well as mutually phase shifted, an operation often referred to as beam forming. Beam forming

11
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allows to further shape the radiation pattern of a phased array, by tuning the position of its

zeroes and attenuating its side lobes.

— = )\ /2
=d=\/3
d=X/15

Array Factor (dB)

80 100 120 140 160 180
Angle (Degrees)

Figure 1.3 — Array factor of a 1-D linear phased array (N=4, ®y=90°). d=)/2, A/3 and A/1.5

If suppressing strong interferers in electronic warfare attacks seems one among the most
interesting applications of spatial selectivity in mission critical scenarios, even consumer
grade wireless communication systems can benefit from its implementation. In fact, spatial
selectivity can be used to mitigate the effects of signal propagation in real environments, such
as the multi-path interference, in which the transmitted signal reaches the receiver from

multiple directions with different phases due to reflections caused by obstacles. Focusing the

12
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receiver towards a preferential direction, namely operating a spatial filtering, reduces this

undesired effect and improves the overall quality-of-service.

A direct consequence of spatial selectivity is the so called gain boosting. In fact, since the
law of conservation of energy always applies, if a reduced amount of power is transmitted
towards undesired directions, an enhanced amount of power is transmitted towards desired
directions, in such a way that the total amount of transmitted power is conserved (Figure

1.4).

80 4

120

— =N=1

150 30

>
o

180

210 330

240 300
270

Figure 1.4 - Array factor of a 1-D linear phased atray (d=1/2, ®¢=90°). N=4 and 1

This is the reason why phased array transmitters can reach receivers that are further away in

space, for a given transmitted power and receiver sensitivity. Moreover, considering

13
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unintended receivers placed outside of the main lobe, a dual effect is obtained, since a
reduced amount of power originating from the transmission, in this case acting as an
interferer, will reach them. The above considerations on gain boosting, discussed when a
phased array is employed at the transmitted end, hold true when a phased array is employed
at the receiver end. Thus, when the array is focusing towards a given direction, the received
signal strength is improved by an enhanced antenna gain through the array factor and vice

versa.

1.3 Electronically scanning arrays

An electronically scanning array is a phased array antenna where phase shifts assigned to
the excitation currents are implemented through an electronic circuit. In literature, many
solutions have been proposed to implement a Beam Steering Unit (BSU) for electronically
scanning arrays, though being circuit topologies characterized by severely different
complexities and costs. This depends on the physical principle used to implement phase
shifts, which in turn depends on the region of the overall system architecture where phase
shifts are assigned, a choice that also depends on the bandwidth requirement for the phased
array. Phased array architectures can be partitioned into three distinct categories, depending

on the circuit path (RF, LO or IF) where phase shifters are located.

RFE phase shifting architectures are the ones that have traditionally been used to
implement phased arrays. In these architectures, phase shifting is operated in the RF path,

namely after up-conversion or before down-conversion (Figure 1.5).

14
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IF ]
~—Lb
— A
Lo

Figure 1.5 — RF phase shifting architecture block diagram

This means that RF phase shifting architectures use only one mixer, and are thus
characterized by just one LO distribution point that has to be managed. Moreover, these
architecture are the best at strong interferer filtering, since they perform it before the received
signal goes into the mixer stage, which is where it may cause a harmful saturation of the input
dynamic range, and thus corrupt the behavior of the phased array. However, working in the
RF path means that the phase shifting devices operate at high frequencies, where parasitic
effects are significant. For this reason, they typically require large die areas and expensive
technology platforms to be fabricated. A common technique to implement such RF phase
shifters is that of the switched transmission lines. In these topologies, the RF signal is routed
through a chain of transmission lines characterized by different lengths, in such a way that
phase shifts are achieved through actual propagation delays. In fact, for a quasi-TEM mode

propagating in these structures the phase shift introduced is:

2T
Ap = TAL

where AL is the mismatch between the two transmission lines lenghts and 4 is the wavelength

of the propagating signal. Figure 1.6 illustrates the conventional switched-line phase shift

15
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element based on PIN diodes reviewed in [1], by Maloratsky (2010) among many other

common PIN diodes-based phase shifting solutions.

X

(W]

Figure 1.6 — Conventional switched-line phase shift block based on PIN diodes

Switching is achieved by conveniently changing the bias point of the PIN diodes from
forward to reverse direction and vice versa. The author asserts that since phase shifts in these
devices only depends on the transmission lines length, they are very stable over time and
temperature. This is because parameters drift in PIN diodes causes an effect that is more
noticeable from an insertion loss point of view, rather than from a change in the phase shift
characteristics. Conventional switched-line phase shifters based on PIN diodes are a popular
choice for the implementation of 90° and 180° phase shifts at a given frequency, since they
only require imposing the length of the transmission lines equal to A/4 and A/2. However,
a phase distortion is introduced at frequencies that differs from the nominal one. Among the

drawbacks associated to the above structure, the authors report the undesired resonance

16
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effects that may occur when the length of a transmission line is a multiple of 0.5'A, a
condition which causes a reflection of the signal power to the input port. The electrical length
of a transmission line can be changed by varying the reactive load assigned to its ports (e.g.
through diodes whose bias voltage can be tuned), thus achieving different propagation delays
with a lower number of circuit blocks. In [2], Sharma et al. (2016) proposed a 6-bit phase
shifter targeting high-power airborne IFF applications working at 1030- to 1090-MHz
(Figure 1.7), whose lower bits implementation is based on the loaded line topology. The
proposed 5.625° phase bit topology is that of a tandem stub configuration, where two diodes

are switched between the ON and the OFF state to implement (what the authors expect to

be) respectively, a resistive load equal to 0.5Q2 and a capacitive load equal to 0.65pF.

RF Choke |,

R PIN Diode

Figure 1.7 — Layout of the loaded line topology for 5.625° phase bit

In [3], Karabey et al. (2011) proposed a continuously tunable loaded line phase shifter for

microwave applications based on liquid crystals as a tunable dielectric. The approach

17
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followed by the authors has been to implement a periodic structure composed by chunks of

non-tunable transmission lines and shunt loads based on liquid crystals (Figure 1.8).

-

Not Tunable Line Segments

- = ~ e
i VAR T A VAR
—i gy

|
Varactor (Load)

Figure 1.8 — Periodically loaded line with shunt LC based varactors

The structure consists of two stacked substrates encapsulating the liquid crystals in between,
and has been reported to work at 12-GHz (with TMM® 10 laminates as substrate)
implementing phase shifts up to 145°. It must be noted that this exotic solution arises many
non-trivial technological challenges to be implemented, such as the need for a cavity between
the stacked substrates. Propagation delays in transmission lines can be synthesized through
LC blocks that, in some cases, exploit the parasitic elements of the switching devices
themselves. In [4], Miyaguchi et al. (2002) proposed a 5-Bit phase shifter MMIC using
seties/parallel LC circuits working from 6- to 18-GHz. The reported solution, designed for
high performance and small size, allows to select among 32 phase states through SPDT
switches (Figure 1.9), with a maximum RMS phase error of 7°. At 10-GHz, the insertion loss
has been reported to be 9-dB, and the RMS phase error 2.60°. The total chip size is 4.27-mm

x 3.17-mm, including the 5-bit phase shifter section whose footprint is 3.47-mm x 3.17-mm.

18
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RF QuT2

Figure 1.9 — Schematic diagram of the 5-bit phase shifter MMIC with SPDT switch

Modern topologies employing MEMS devices as tunable capacitors or switches have also
been reported. In [5], Kim et al. (2001) proposed a monolithic TTD network, based on direct
metal-to-metal contact RE MEMS switches, capable to operate from DC to 40-GHz (Figure
1.10). Actual phase shifts have been implemented through switched transmission lines with
different lengths. The reported phase shifts cover the [0°; 360°) range in tuning steps of 22.5°
at 10.8-GHz (namely, a 4-bit resolution). Die area is 6-mm x 5-mm, substrate is GaAs. It
must be noted that this solution requires a control voltage for the MEMS switches as high
as 70-V, which may require some effort in common use cases (such as in battery powered

devices).
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Figure 1.10 - Photograph of the four-bit RF MEMS TTD network

Broadband topologies based on photonic devices represent another state of the art solution
for RF phase shifters. In [0], Jiang et al. (2013) proposed a microwave photonic phase shifter,
based on an optical phase modulator and a fiber Bragg grating, capable to operate continuous
phase shifts from 20- to 30-GHz (Figure 1.11) through an electro-optical effect. The
proposed architecture is based on a discrete-fiber grating, thus it is not targeting space and
weight constrained scenarios. However, it must be noted that it supports working with

bandwidths up to 10-GHz.

o » . P
ECL |} 3 11 | Mirror

The round-trip

Figure 1.11 - Schematic diagram of the photonic microwave phase shifter
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In [7], Butla et al. (2012) proposed a CMOS-compatible optical delay line for Ku-band
satellite communications, based on four optical ring resonators, capable of continuous time
delays from 0- to 277-ps in the DVB-S communication band (from 10.7- to 12.75-GHz)
(Figure 1.12). The proposed solution has been implemented as a monolithic optical circuit
through a Si-photonics technology platform, and can thus be a choice in future portable
applications. However, the absence of silicon-based light sources requires further
technological efforts to implement a single-chip solution, such as the integration of III-V

semiconductors through wafer bonding.

delay line based on ORRs
FSR = 13.4 GHz

output
“MZI + ring" filter
FSR = 6.7 GHz

OOOD

input

... lest
output

Figure 1.12 — Schematic diagram of the delay unit

LO and IF phase shifting architectures are based on the evidence that the phase of an RF
signal can be tuned by changing the phase of one among its own components. In IF phase
shifting architectures, phase shifting is operated before up-conversion or after down-
conversion (Figure 1.13). This means that phase shifters operating in the IF path operate at
a much lower frequency than the ones operating in the RF or in the LO path, and thus their

requirements are much more relaxed.
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Figure 1.13 — IF phase shifting architecture block diagram

However, IF phase shifting architectures require that each antenna is equipped with a phase
shifter and a mixer. Moreover, these architectures are the worst at strong interferer filtering,
since they perform it after the received signal goes into the mixer stage. This means that in
those applications where strong interferers from undesired directions must be suppressed,
each mixer must also be characterized by a conveniently high dynamic range. IF phase
shifters can be implemented in the form of switched transmission lines synthesized through
LC blocks, such as the ones previously cited. However, in systems oriented towards the
digital synthesis of waveforms, IF phase shifters can also be implemented through digital
signal processing. Figure 1.14 depicts the generic block diagram of an AESA featuring both

analog and digital beamforming functions.
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Figure 1.14 — AESA block diagram featuting analog and digital beamforming functions

Nowadays, many systems working in the L- and S-band are developed without an analog
beamforming network, pursuing an all-digital beamforming architecture. In such systems,
beamforming in the transmit path is accomplished at first by equalizing the channels, and
then by imposing phase shifts and amplitude weights to digital streams of samples, before
they are converted to analog signals through a DAC. However, this means that each antenna
must be equipped with an ADC and a DAC, and that the bandwidth of the involved signals
must be small enough so that calculations can be performed in real time by a DSP. A digital
phased array can synthesize multiple beams, perform adaptive enhancements to the radiation
pattern, and estimate directions of arrival. Unfortunately, these advantages are achieved at
an expensive cost, in terms of power consumption and actual price of the components. In
[8], Digdarsini et al. (20106) reported the realization of a FPGA-based digital beam forming

(DBF) system capable to drive a phased array receiver made up of 16 elements. Figure 1.15
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depicts the block diagram of the proposed DBF system. The system prototype implements
a linear phased array where each antenna is followed by a down-conversion stage towards
IF, where signals are digitized and fed to an FPGA for beam forming. The complete solution
has been implemented in subsystems capable to drive 4 antennas, integrating one FPGA and

4 ADC s, for a total number of 4 FPGAs and 16 ADCs.

Clock " Clock Clock
Source : » Distribution
Card Actel FPGA
Clock
signals
: Channelization
RF to IF 4

Conversion 4[\ Digitization % | Digital Beam
- Data Clock / Forming
(LNA, ‘signal by Data /
Mi
e V] apes

LP Filters)
Hardware
for Digital
RF Signal from _SubSystem
16 Antenna
elements Beam Former

Output to VSA

Figure 1.15 — Block diagram of the DBF system

The authors remark how a proper clock distribution network at the ADC sampling stage is
critical to avoid introducing phase mismatches to the signals received at each antenna.
Moreover, the solution exploits a dynamic calibration of the digitized signals to correct phase
and amplitude imbalances, related to unavoidable mismatches in the analog channels. Among

the benefits of the proposed solution, the authors underline the opportunity to reprogram
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the digital hardware to serve in different scenarios. However, the cost of the proposed
solution, in terms of power consumption, form factor and actual price of the components

cannot be neglected.

In LO phase shifting architectures, the LO is the only component that is phase shifted in

order to perform beam steering (Figure 1.106).

iAg

LO

Figure 1.16 — LO phase shifting architecture block diagram

One of the main advantages of these architectures working in the LO path is that they do
not interfere with the circuit topology of the signal path. This is the reason why typical
performance degradations (e.g. losses, non-linearity and noise) due to the insertion of phase
shifters in the signal path can be neglected in this case. Moreover, certain requirements for
the phase shifting devices are more relaxed (e.g. in terms of bandwidth) if compared to the

ones that operate in the RF path, since the latter must behave consistently across the whole
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signal bandwidth. However, LO phase shifting architectures suffer from the same drawback
of the IF phase shifting ones, namely they require that each antenna is equipped with a phase
shifter and a mixer. It must be noted that LO phase shifting architectures implement an
approximation of the time delays that are actually required to drive the phased array. In fact,
rather than actual time delays they introduce constant phase offsets. The difference between
the two approaches is immediately understood in the frequency domain, where the time delay

transfer function is:
Hdelay (f) = e /2/T
whereas the phase offset transfer function is:
Hoffset(f) = g /80

Time delays are linear (frequency dependent) phase shifts, whereas phase offsets (such as the
ones introduced in RF signals through LO phase shifting) are flat (frequency independent)
phase shifts. The above statements can be further contextualized to LO phase shifting
architectures by considering two cosines, such as an LO and a single tone. When those two

cosines are multiplied and then time delayed:
2 cos(w;t) cos(w,t) = cos((wy + w,)t) + cos((w; — wy)t)
- cos((ool + w,)(t+ At)) = cos((ool + w,)t + (p)

where @ = (w; T w,)At, and thus a frequency dependent parameter. Instead, when the LO

is phase shifted and then multiplied by the single tone:

2 cos(w1t + @) cos(w,t) = cos((wg + w )t + @) + cos((w; — w)t + @)
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where @ is the phase shift assigned to the LO, and thus a frequency independent parameter.
The effect of this approximation is a linear phase distortion (namely a dispersion effect) that
degrades the performance of the RF channel in terms of SNR. The above discussion allows
to assert that, due to the phase distortion they introduce, LO phase shifting architectures are
most suited in narrowband systems, namely in those scenarios where the bandwidth of the
payload is less than the 10% of the LO frequency. Even LO phase shifters can be
implemented in the form of transmission lines. In [9], Lu et al. (2013) proposed an LO-phase
shifting receiver front-end, where a tunable transmission line loaded with switched capacitors
is used to implement fine-grained phase shifts in the first down-conversion stage (Figure
1.17). The reported phase shifts cover the [0°; 360°) range when combined to a coarse phase
shifter operating in the second down-conversion stage, achieving a phase shift resolution of

5.4° at 44- to 54-GHz (namely a 6-bit resolution).
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Figure 1.17 — Block diagram of the 60 GHz LO-phase shifting receiver front-end
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The proposed solution has been fabricated in a 40-nm CMOS process, and occupies a die
area of 550-um x 260-um. The authors reported a power consumption of 16.9-mW from a
power supply of 1.2-V. It seems interesting to denote that, at each frequency, the achieved
distribution of phase shifts is uneven, and that across frequencies, phase resolution is not
preserved, having a worst case and average phase shift step respectively of 5.4° and 3.5°.
Integrated topologies that exploits ring VCOs to generate more than one output phase at
once have also been reported. In [10], Hashemi et al. (2005) proposed a fully integrated 24-
GHz LO-phase shifting receiver for phased arrays, based on a 19.2-GHz CMOS ring VCO
(Figure 1.18). The reported phase shifts cover the [0°% 360°) range with a 4- to 5-bit

resolution, obtained through a 16 phases VCO and an optional first order interpolator.

Figure 1.18 — Schematic diagram of the 16-phases 19.2-GHz CMOS ring VCO

Figure 1.19 depicts the block diagram of the fully integrated 24-GHz phased-array receiver.
The receiver drives a phased array of 8 antennas, and has been implemented with a two-step

down-conversion architecture. The IC integrates a third order PLL, used to synthesize the
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LOs for both down-conversion stages, namely 19.2-GHz (for the RF to IF stage) and 4.8-
GHz (for the IF to baseband stage) that is obtained through a divide-by-four block from the
first one. In this solution, phases can be routed to each antenna independently through an
analog multiplexing circuit, and a convenient network of dummy elements has been
implemented to maintain a constant load at each output of the ring VCO. The proposed
solution has been fabricated through a 0.18-pum SiGe BiCMOS process (with a fr for HBTSs

of 120-GHz), and occupies a die area of 3.3-mm x 3.5-mm.
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Figure 1.19 — Block diagram of the fully integrated 24-GHz phased-array receiver

In their work, the authors also validate the viability of the LO phase shift approach in
narrowband applications. Figure 1.20 is a calculation of the EVM (expressed in %) as a

function of the incidence angle for two different signal bandwidths (750-MHz,

29



Phased array antennas

corresponding to 1-Gb/s and 7.5-GHz, corresponding to 10-Gb/s) for an 8 antennas
receiver working at 24-GHz. The authors reports that for a signal bandwidth of 750-MHz
(that is 3.125% of the carrier frequency), the worst case EVM that is obtained for an
incidence angle of 90° is lower than 2%, whereas for a signal bandwidth of 7.5-GHz (that is
31.25% of the carrier frequency), the worst case EVM is approximately 10%. This
demonstrates that the LO phase shift approach can be used in wireless communications,
though the narrowband condition must be satistied to preserve signal integrity. As already
discussed, the LO phase shift approach introduces a constant phase shift across the signal
bandwidth instead of a linear one. This means that at the carrier frequency the phase of the
signal received at the different paths is coherent, whereas a linear phase error is introduced
at the other frequencies, which results in noise. In digital communications, this noise has the

effect to spread the constellation diagram (corresponding to a degraded EVM).
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Figure 1.20 — EVM vs. incidence angle for two different signal bandwidths (750-MHz and 7.5-GHz)
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The authors also elaborated around the error that is introduced by the quantization of LO
phase shifts. In fact, when a discrete number of phase shifts is available, only at certain
incidence angle a coherent reconstruction of the carrier can be achieved. Figure 1.21 is a
calculation of the EVM (expressed in %) as a function of the incidence angle when 8 (3-bit),

16 (4-bit), 32 (5-bit) or continuous phase shifts are available, for a signal bandwidth of 7.5

GHz.
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Figure 1.21 — EVM vs. incidence angle for 8 (3-bit), 16 (4-bit), 32 (5-bit) or continuous phase shifts available

When working with continuous phase shifts, the worst case EVM is recorded for an
incidence angle of 90°, which is the condition where the largest time delay between antennas
is expected. Instead, when working with quantized phase shifts, peaks occurs at specific

incidence angles, and are characterized by a shape that also depends on the bandwidth of the
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received signal. For example, using a 4-bit phase shift resolution leads to a peak EVM that is

1.5 times higher than the one obtained using continuous phase shifts.

Table 1.1 presents a summary of the above cited phase shifting architectures.

Reference Technique Technology Resolution Frequency

1] RF path Discrete PIN diodes - -

[2] RF path Discrete PIN diodes 6-bit 1030- to 1090-
MHz

[3] RF path Liquid crystals + Continuous 12-GHz

PCB Substrate
[4] RF path Monolithic LC 5-bit 6- to 18-GHz
circuits

[5] RF path Monolithic MEMS 4-bit DC to 40-
GHz

[6] RF path Fiber-based Continuous 20- to 30-GHz

photonic circuit

[7] RF path Integrated optics Continuous 10.7- to 12.75-
GHz

[8] IF path FPGA-based hybrid - -
circuit

[9] LO path Monolithic 40-nm 6-bit 44- to 54-GHz
CMOS

[10] LO path Monolithic 0.18-um 4- to 5-bit 24-GHz

SiGe BiCMOS

Table 1.1 — Summary of the above cited phase shifting architectures
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The architectures compared in Table 1.1 allow to derive some further considerations about
state of the art phase shifters. In fact, among the various solutions that have been reviewed,
the most interesting ones are those that can fit into an IC fabricated through a cheap
technology process. Even though most suited to narrowband systems, the LO path phase
shifting approach seems the most promising, particularly when LO phase shifts are
implemented during the very synthesis process of the LO. In this scenario, a renowned LO
phase shifting solution has been proposed in literature, based on the DDS-PLL architecture.
The DDS-PLL architecture will be extensively presented in the following chapter, as a
solution to implement cheap, compact and lightweight BSUs for phased arrays characterized
by an exceptional phase resolution, low complexity and a frequency independent theory of

operation.

1.4 Applications of phased arrays

Traditional applications of phased arrays are in warfare, where they have been extensively
used to implement radar systems for guidance, tracking and imaging solutions (among many
others). Radar systems analyze reflected electromagnetic waves in order to reconstruct
information about the state of the region of space they are inspecting, by transmitting
continuous- or pulsed-wave signals towards a certain direction. In radar applications,
electronically scanning arrays are used to steer this direction without the need of mechanical
movements, as well as to narrow the beam width. Thus, phased arrays allow to implement
radar systems that are less prone to failure and, at the same time, are characterized by
unmatched performance. Moreover, a further advantage of phased arrays is that the physical

configuration of its individual elements can be changed to follow the shape of its housing.
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These topologies are also called conformal arrays, and constitute an important opportunity
for designers that cannot be implemented with single element antennas. The IEEE Standard
Definition of Terms for Antennas gives the following explanation for conformal arrays: “An array
that conforms to a surface whose shape is determined by considerations other than

electromagnetic; for example, acrodynamic of hydrodynamic” (Figure 1.22).

Figure 1.22 — Phased array radar inside the nose of an aircraft

Another traditional application of phased arrays is in astronomy, where they have been
used to implement radio telescopes with special technical requirements. It is the case of arrays
replacing extremely large apertures, such as the ones implemented through single parabolic
antennas. Apart from the practical aspects that such deployments ease, the previously
discussed enhanced sensitivity of phased arrays must be kept in mind, as well as spatial

selectivity, that can be used to mitigate the effects of interferers coming from undesired
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directions. Many research projects are trying to develop radio telescopes whose phased array
clements are sparse over ever growing areas, such as the so called square kilometer array
(SKA). Among the various options proposed to implement the SKA, ASTRON presented a
phased array solution featuring over one million of receiving elements with a mixed
RF/digital adaptive beam former. Apatt from their traditional applications, phased arrays are
now becoming an attractive technology in many consumer applications. For example,
automotive radars are expected to be a key enabling technology for the development of
autonomous driving cars, as well as collision avoidance, parking aid and blind spot detection
systems. The frequency bands allocated for these applications is 24- to 77-GHz, and this
leads to phased arrays made up of small antenna elements that can be configured to hide
through a conformal shape. Several manufacturers are now able to implement volume
production processes with suited performance and low cost potential for this class of
applications, such as the ones based on the SiGe BiICMOS technology. For this reason, driver
assistance systems based on millimeter-wave radar sensors are expected to be introduced in
the full range of newly introduced car models. In [11], Hasch et al. (2012) presented an
overview of the key issues in semiconductor technology, packaging and antenna systems for
millimeter-wave technology used in automotive radar sensors. Phased arrays are also
expected to play a crucial role in upcoming wireless communication networks (e.g. 5G). In
fact, they can be used to increase network capacity, extend coverage, mitigate multi-path
effects and implement user localization services. For example, phased arrays can be used to
synthesize multiple beams at the base station, in order to implement spectral efficiency
through spatial multiplexing. Radio spectrum is a scarce resource in the cellular industry, and

next generation networks are soon to exacerbate this situation, since they are expected to be
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an enabling technology for a wider range of use cases and related applications (e.g. ultra-high

definition video streaming, augmented reality, Internet-of-Things, ...) (Figure 1.23).
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Figure 1.23 — Phased arrays for multi-beam wireless communications

Emerging applications of phased arrays can also be found in biomedical engineering, such

as in microwave imaging methodologies for cancer detection through the identification of

dielectric discontinuities. These methodologies are proven to deliver an improved contrast

ratio with respect to X-ray and ultrasound, and thus are expected to yield higher detection

rates. Moreover, they are less harmful for patient than X-ray, as well as cheaper than magnetic

resonance imaging. It has also been demonstrated that phased arrays can be used to treat

tumours by inducing hyperthermia in diseased tissues through an electromagnetic beam that

is focused by following the principles of beam forming.
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1.5 Towards a SoC architecture for phased arrays

The growing number of applications empowered by phased arrays is making researchers
face new constraints in the implementation of BSUs. In fact, nowadays BSUs must be low-
power and low-cost devices that come in a compact and lightweight form factor. To name
one example, the above requirements are of primary importance in space applications, where
the size and the weight of payloads are critical quantities for a given mission, as well as in
consumer applications (e.g. handheld devices), where battery-life and ergonomics can have
an impact on the commercial success of the final product. In this scenario, a System-on-Chip
(SoC) solution seems the most desirable to implement BSUs, if considered the cost-
effectiveness of some mixed-signal BICMOS processes on the market and the robustness of
some open-source IP cores that are synthesizable with standard cells, such as the ones

implementing application processors.

In [12], Kane et al. (2005) elaborated around the above statements, and asserted that new
applications are continually enabled from the advance in scaling and performance of the
BiCMOS technology, prospecting (and persuading) the opportunity to implement phased
array SoCs through that platform. The authors state that a SoC for phased arrays would
certainly lead to enhancements in terms of cost, weight and size if compared to multichip
systems. Moreover, the authors report that the primary limitations to a ubiquitous
implementation of phased arrays consists in their very cost, weight, size and power
consumption, and that these limitations might have constrained the usage of the phased array
technology to acrospace. If traditional phased array systems are organized in modules (Figure

1.24), so that discrete functions implemented in disparate technologies could be integrated
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to form a unit (such as GaAs or InP for LNAs, mixers and PAs, PIN diodes for switches
and phase shifters, ceramics for passive filters and other silicon ICs for analog or digital
baseband functions) the authors state that a monolithic implementation of these

architectures will finally lead to a desirable revolution in terms of cost, size and weight.
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Figure 1.24 — Phased array system based on T/R modules

The authors undetlined that the complexity of phased atray solutions based on T/R modules
is typically related to the connectivity effort, power management and packaging, and that
modern IC technologies can be a choice to implement single IC solutions where a dense
digital subsystem is coupled to a high-performance RF design, leading to chips that are ready

for large-scale production. Figure 1.25 depicts their proposed high-level block diagram for a

hypothetical SoC for phased arrays.
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Figure 1.25 — High-level block diagram of a SoC architecture for phased arrays

The block diagram includes RF/analog frontend, baseband and backend processor,
implementing all the digital logics that are necessary to control the apparatus. In this system
architecture, the authors proposed to integrate the discrete T/R modules into the RF/analog
frontend, and to develop the IC in a SiGe BiCMOS technology. The authors remark that the
SiGe BiCMOS technology is an optimal choice for SoCs in wireless applications, since it is a
platform rich of well-characterized passives (e.g. resistors, capacitors and inductors),
specialized devices (e.g. varactors, voltage-controlled oscillators and fuses), and high-
performance active devices suited for the implementation of monolithic wireless frontends.
For this reason, the authors believe that a SiGe BICMOS architecture may avoid the need
for a solution based on multiple technologies, being a platform that is capable to deliver the

complete set of devices that are necessary to implement a desired system, thus overcoming
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the limitations of off-chip interconnections for an improved signal integrity and packaging.
Moreover, the opportunity to implement, on the same chip, bipolar as well as CMOS
transistors allows to broaden the design solution space. If the RE-CMOS platform has been
a driver for a broad number of consumer electronics solutions (such as Bluetooth and 802.11
devices), being cheaper and quicker processes than the BICMOS ones, the authors identify
the SiGe HBT BiCMOS technology as the key enabling platform to implement SoCs for
phased arrays, due to its improved noise figure (NF), phase noise and transconductance. In
fact, SiGe HBTSs are the most suited to support the shift towards higher frequencies in
phased array applications, that are moving to 20-GHz and above. In the first instance,
operating at millimeter-wave frequencies allows to work with smaller antenna apertures, and
thus manufacture miniaturized systems that are better supposed to match the requirements
of portable electronics. In the second instance, it allows to implement higher data rates in
wireless metropolitan area networks (e.g. links above 1-Gbps), automotive radars that are
less sensitive to long-range interferences (due to high propagation losses) as well as special
monitoring activities. The implementation of a modern SoC for phased arrays allows to take
advantage of reprogrammable digital circuits, that allows dynamic software and digital signal
processing engine updates even through the integration of FPGA blocks. This leads to
solutions that can adapt to new use cases and trade-offs even after they are manufactured.
Figure 1.26 depicts a detailed block diagram of the phased array SoC architecture proposed

by the authors.
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Figure 1.26 — Reference block diagram of a SoC architecture for phased arrays

The proposed block diagram can be customized to implement BSU architectures that follow
an RF, IF or LO phase shifting approach, and can thus be thought as a reference architecture
for designers. The authors themselves do not pursue a specific phase shifting technique, yet
they report about a successful prototype working at 24-GHz that follows the LO phase
shifting approach with a 4-bit resolution that has already been reviewed in this chapter ([10]).
However, the authors also prospect the opportunities of all-digital beam steering
architectures, such as customization through software modification, which come at the cost
of an increased power consumption and complexity due to an increased number of A/D and
D/A blocks and the need for a high-performance DSP core to perform operations on

multiple streams of samples in real-time at challenging high data rates.
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Having the limits of all-digital beam steering architectures in mind, the LO phase shifting
approach seems the most promising to implement fully integrated solutions for phased
arrays. Among the others, a carrier frequency independent LO phase shifting technique, such
as the DDS-PLL, seems even more interesting to develop a multifunction and customizable
SoC device. This is the reason why the main purpose of this work is the design and
implementation of a revised DDS-PLL phase shifter that could eventually be integrated into

a SoC.

42



DDS-PLL phase shifter architectures

2 DDS-PLL phase shifter architectures

The purpose of this chapter is to provide a detailed overview of DDS-PLL phase shifters,
namely circuit topologies that can synthesize phase shifted LOs to implement beam steering
in phased arrays. In its standard architecture, the output of a DDS-PLL is a PLL synthesized
sinusoid (with a frequency in the GHz range) whose phase is fine-grained adjusted according
to a DDS generated waveform (with a frequency in the MHz range). Being an LO path phase
shifting approach based on how LOs are actually synthesized, a DDS-PLL must be assigned
to each antenna of the phased array. For this reason, many attempts to decrease the
complexity of DDS-PLL phase shifters have been proposed, replacing full-featured DDSs

with simpler all-digital hardware solutions.

In the following discussion, the main principles behind common DDSs and PLLs are
reported, as well as the standard DDS-PLL architecture. Moreover, known variants to the

standard architecture are reviewed.

2.1 Direct Digital Synthesizers

The process of generating an analog signal (e.g. a sine wave) through a digital-to-analog
conversion of its samples takes the name of direct digital synthesis, and the electronic circuits
used to implement this function are known as direct digital synthesizers. The main blocks
(Figure 2.1) at the basis of a DDS are the phase accumulator, the phase-to-amplitude
converter and the digital-to-analog converter (DAC). When these three blocks are integrated

into a single IC, it is usually referred to as a complete DDS solution.
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Figure 2.1 — Block diagram of a DDS

As soon as the phase-to-amplitude converter is a sine look-up table (LUT), the DDS can
produce sine waves at various frequencies, depending on its reference clock frequency and
the tuning word programmed into its frequency control register. This tuning word is a binary
number that is fed to the phase accumulator in order to select, at each clock cycle, the correct
amplitude sample from the LUT. Then, this amplitude value is converted into a voltage
output through the DAC. In order to generate a fixed-frequency sine wave the frequency
tuning word must be kept constant in such a way that, at each clock cycle, the same phase
increment is applied to the output signal. The larger the phase increment, the faster the

synthesized output frequency is; the shorter the phase increment, the slower the synthesized
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output frequency is. This is because a different number of clock cycles will be necessary to

complete a revolution around the phase wheel (Figure 2.2).
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Figure 2.2 - Digital phase wheel graphical representation

Considering the phasor representation of a sine wave, one revolution around the phase
wheel, performed at a constant speed, results in one complete cycle of the output sine wave.
This is because the phase accumulator provides angular values that correspond to certain
rotations of the above phasor around the phase wheel. The phase accumulator is a modulus-
M counter, incrementing its current value at each clock cycle by the content of the above
cited frequency tuning word (namely the jump size around the phase wheel). This overall

behavior translates into the following equation, which determines the output frequency of
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the DDS based on the frequency tuning word (M), the reference clock frequency and the

length of the accumulator register (n):

M'fc
four =

Since the Nyquist—Shannon sampling theorem dictates that at least two samples per period
are needed to reconstruct a sine wave, the maximum value for foyr is f¢/2. In actual
implementations, foyr is at most 1/3 of this limit value in order to mitigate non-ideal effects
in the reconstructed signal (e.g. approximation of zero-width impulses by rectangles at DAC
output). When generating a fixed-frequency signal, the output of the phase accumulator is a
sampled ramp, since its content is a growing binary number that overflows. The length of
the phase accumulator register is typically higher than the number of samples in the sine
look-up table. This is because the size of the LUT must be small enough to be practical,
whereas the accumulator register must support a high phase and frequency tuning resolution;
a convenient truncation of the less significant bits is thus performed at the interface between
the two subsystems. Moreover, typical sine LUT's only describe one quarter of a sine period,
in order to save die area. This can be done due to the symmetry of sine waves. DDSs are not
constrained to synthesize sine waves, in fact they can generate any waveform that complies
the Nyquist-Shannon sampling theorem (namely whose highest frequency domain

component is below 2 the clock frequency).

It seems important to emphasize the key advantages of high-performance and
functionally integrated DDS ICs, in order to understand their importance in communication

systems. In fact, they provide: i) digitally controlled micro-hertz frequency-tuning and sub-
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degree phase-tuning; ii) fast hopping speed in tuning output phase and frequency (without
the analog-related drawbacks due to the circuit dynamics); iif) no component aging or manual
tuning; iv) remote configuration and optimization through digital control interface. This is
the reason why many modern applications rely on DDSs as programmable waveform
generators. However, a number of trade-offs are associated to the DDS technique, such as:
1) bandwidth; ii) spectral purity; iii) cost, complexity and power consumption. Trying to
elaborate more around spectral purity in DDSs, it must be said that DDSs are rarely affected
by phase noise problems. In fact, they produce outputs whose changes are related to digital
phase numbers that are produced through a fixed clock signal. Conversely, DDS systems are
affected by spurs, which are discrete (narrowband) spectral impurities originated by
quantization errors and DAC errors. Since the actual output from a DAC is a quantized
representation of an ideal amplitude value, an error signal is summed to the desired output.
Morteover, the DAC can introduce sources of errors such as distortions into its trans-
characteristic. Another main source of spurs in DDSs is the ratio of the output frequency to
the clock frequency. The spurious-free dynamic range (SFDR) is the ratio (expressed in dB)
between the power of the fundamental signal and the power of the highest spurious signal
in the spectrum. The SFDR is an important figure of merit for DDSs, and is particularly
important in communication systems where a channelized frequency spectrum is shared
between devices (and thus signals can be corrupted from spurious power generated in
neighboring transmissions). Trying to summarize the above considerations, DDSs are
particularly interesting synthesizers when the following design objectives must be pursued
[13]: i) sub-microsecond settling time; i) multi-octave operation; iii) very fine frequency

resolution; iv) phase continuous frequency changes; v) exceptionally linear analog or data
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modulation; vi) exceptionally linear sweep and chirp modulation; vii) quadrature generation
over multiple octaves. It seems interesting to report the applications that the authors of [13]
reported as particularly sensitive to those requirements, that are: i) frequency hopping and
spread spectrum radios; ii) electronic warfare and hammer systems; iif) doppler and chirp
radars; iv) high speed and/or high resolution PSK or FSK; v) radio and television broadcast

equipment; vi) test equipment.

2.2 Phase Locked Loops

Phase Locked Loops (PLLs) are feedback systems used to synthesize periodic waveforms
that verify a constant phase and frequency relation towards a given reference signal. Among
the main applications of PLLs, one is that of frequency multiplication (a.k.a. frequency
synthesis), where a steady and high frequency sine wave is generated from a low frequency
periodic oscillation. Basic PLLs are composed by 5 building blocks, namely the phase-
frequency detector (PFD), the charge pump (CP), the loop filter, the VCO and the feedback

divider (Figure 2.3) [14].
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Figure 2.3 — Basic PLL block diagram
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The PFD and the CP implement the error detector, which is the subsystem where the
negative feedback of the PLL actually takes place. The main purpose of the negative feedback
is to bind the phase- and frequency-lock condition to an error signal e(s), that goes to zero
when Fo = N * Fpgp, which (conceptually) is the main goal of the PLL. It seems important
to recall that: i) the signal at the output of the VCO oscillates at a frequency that is Fp; i) N
is the number of times Fy is divided before being compared with the reference signal; iii)
Frer is the reference signal frequency. Thus, when the two inputs of the error detector are
equal in phase and frequency, the error signal will be constantly equal to 0 and (conceptually)
the phase- and frequency-lock condition is reached. A typical implementation of the PFD
block in “Type II”” PLLs is depicted in Figure 2.4, and consists of two D-type flip flops. The
outputs of these flip flops respectively drive a positive and a negative current source, in such
a way that the charge pump (that is a pair of current sources) outputs either a positive or a
negative current pulse, if not in three state. The delay element placed after the AND gate of
the PFD ensures that the CP output never enters a high-impedance state for more than one
PED cycle. This condition is reached when a perfect phase match is achieved among the
inputs of the PFD, and leads to an undesired phenomenon known as the dead zone effect.
In fact, when the CP output enters a long high-impedance state, the VCO output phase can
drift in such a way that a significant error may be developed. This error is the cause of a
cyclical presence of pulses at the CP output, which in turn leads to a modulation of the CP
output at a sub-harmonic of the PFD frequency. Since these spectral components fall inside
the bandwidth of the loop filter (as will be further explained later), they cannot be attenuated

and thus would result in spurs ruining the output spectrum characteristics of the PLL. For
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this reason, the above delay element is employed to guarantee that a short current pulse is

generated at each PFD cycle, even when a close phase alignment is achieved.
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Figure 2.4 — Schematic diagram of the PFD driving the CP

The main principles behind PLLs have been explained, on the other hand PLLs must be
analyzed as dynamic systems in order to develop a complete understanding of their behavior,
especially during transients. It is now shortly recalled the linearized model of Type II PLLs

(such as the ones reported above). The open-loop transfer function of such PLLs is:
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KVCO

Go(s) = KppplcpGrpr(S) S

where Kppp is the gain of the PFD, G pr(s) is the transfer function of the loop filter and
Ky co is the gain of the VCO. The above transfer function is derived assuming that the output
of the VCO is a sine wave whose frequency is Wgyyr = Wrr + KycoVeonte- A tecurrent

configuration for the loop filter is the lead/lag filter (Figure 2.5).

C l o\/oul
C, %R
IS

Figure 2.5 — Lead/lag filter schematic

Its transfer function is:

14—
Grpr(s) = z S
p
where:
B 1 _ C, +C,
“2 7RG, “» TRGG,
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The transfer function is often approximated as follows, since C; is many times smaller than

Czl

1 S
GLpr(S) = E(l + w_)
VA

The lead/lag filter is a circuit topology that is commonly used because of the improved loop
stability it introduces with respect to a single load capacitance, which is the simplest form of
integrator one can implement at the output of the PFD. Since the PLL is a feedback system,

its transfer function can be written in the following form:

Y(s)  Go(s)
X(s) 1+ Gy(s)H(s)

and thus:
1 KVCO KPFD
(pout(s) Kerp 5, sC, (1 + wz) s G (1 + )KVCO
d. 1 Kyco ~ K
ln(s) 1 + KPFD C (1 + wz) I;CO SZ + %KVCO (1 + w_z)

It is possible to put the denominator of the above transfer function into the standard second

order form:

Kprp S Kprp Swy
D(S) =Sz+ Cz KVCO (w_z)+ Cz KVCO —S +7+w0

and thus derive:

Kprp Q=—
Wy = C, —Kvco
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as well as the position of the poles:

g ()

S12 = )

The derived loop gain has two poles in the origin, which is the main characteristic of Type
IT PLLs. Through the above model, typical root locus design techniques can be employed to
shape the closed loop system response. However, a more detailed simulation framework
must be implemented for verification (e.g. SPICE level simulation), including phenomena

such as non-linear effects.

It can be said that the PLL acts as a low-pass filter to reference input phase changes. This
means that whenever the reference input phase changes through slow variations, the output
will be able to follow those variations. Contrarily, when the reference input phase changes
through fast variations, the output will not follow those variations, due to the low-pass
behavior of the loop. Thus, the lower the cut-off frequency of the loop filter, the better the
reference jitter rejection. On the other hand, the PLL acts as a high-pass filter to the VCO
output. Thus, the higher the cut-off frequency of the loop filter, the better the VCO output
jitter rejection. This means that a trade-off decision must be carried out, since the PLL
bandwidth must be set to minimize both jitter sources, and choosing a low PLL bandwidth
can actually degrade its output jitter performance. For example, this can be done by
improving the spectral purity of the VCO (e.g. through a voltage-controlled crystal oscillator,
VCXO) or by cleaning the reference signal before it is fed to the PLL (e.g. through a jitter-
cleaning IC). Two critical aspects of any PLL design are long- and short-term steadiness of

the synthesized oscillation. Long-term steadiness relates to fluctuation that may take place in
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a relatively long period of time, such as an hour, a day or a month. It is typically measured as
a Af over f ratio and expressed in dB. Instead, short-term steadiness relates to fluctuation
that may take place in a relatively short period of time, which is within a second. This
evaluation requires a spectrum analyzer, and allows to discriminate between spurious spectral
components located at discrete frequencies and random noise fluctuations that leads to the

broadening of the output spectrum (Figure 2.6).
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Figure 2.6 — Conceptual representation of noise and spurs in PLLs

It seems interesting to report that among the most detrimental spurs to the PLL output
spectrum are the ones that are originated by the reference signal falling inside the loop
bandwidth. In fact, these spurs are reproduced at the VCO output and gained-up. Phase
noise is measured as the ratio between the noise power in a 1-Hz bandwidth at a specified

frequency offset from fy and the oscillator signal amplitude at fp, and is expressed in
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dBc/Hz. Figure 2.7 depicts phase noise as a function of the frequency offset. It allows to
determine a number of regions where the curve has a different slope, depending from the

noise source that is eventually giving its contribution.
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Figure 2.7 — Conceptual diagram of phase noise (dBc/Hz) vs. offset from output frequency

The region where the slope is 1/f is related to flicker phase noise, whereas the region where
the slope is 1 is related to white phase noise. The 1/f corner frequency is a figure of merit
that allows to rank the noise performance of a PLL. The lower the 1/f cotner frequency,
the better the loop performance. It seems interesting to cite that integer-N PLLs are not the
only PLL synthesizers that can be implemented: offset-PLLs and fractional-N PLLs are

renowned architectures whose further discussion is, however, outside the scope of this work.

55



DDS-PLL phase shifter architectures

2.3 DDS-PLL standard architecture

The DDS-PLL architecture allows to combine the high frequency performance of PLL
synthesizers with some of the unmatched characteristics of DDSs, to generate LO signals
whose phase (and frequency) can be tuned in exceptionally fine-grained steps. This is the
reason why DDS-PLLs seem an interesting solution to implement LO phase shifters in
phased arrays. DDSs can achieve extraordinary frequency and phase resolutions (e.g. up to
107%-Hz), have an output frequency that can span over a range that can even exceed 40
octaves (e.g. from 1-uHz to 150-MHz), can make extremely fast output frequency changes
(even thousands of times faster than PLLs), can be synchronized to implement multiple DDS
architectures (e.g. for the generation of quadrature signals) and can be used to implement
high-speed digital modulations (such as PSK and FSK). However, certain applications can
arise their limitations, such as the impossibility to implement, under certain circumstances,
exact frequencies and phases due to quantization errors caused by the digital nature of their
functioning. For example, a DDS clocked at 100-MHz with a frequency resolution of 32-bits
cannot synthesize an output frequency that is exactly 20-MHz, since those frequencies are
not in a power of two relationship. PLLs are able to perform phase and frequency lock to
the reference signals at their input and perform extremely precise synthesis of equally spaced
frequencies that are even thousands of times faster than it. However, they are not designed
to change their frequency instantaneously and their resolution is far from the sub-Hz steps
achievable through DDSs. In DDS-PLL phase shifters, the PLL is used to scale-up (in the
GHz range) the frequency of a DDS generated waveform (in the MHz range), such as a sine

wave, whereas the phase of the two waveforms is related through a deterministic relationship.
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When certain circumstances are met, the phase resolution of the DDS is also maintained at

the PLL output (as will be demonstrated in the following discussion).

In literature, three main techniques have been proposed to implement a DDS-driven PLL,
whose differences reside in the role that the DDS plays inside the loop. A technique can be
to employ the DDS in the feedback path of the PLL, acting as a fractional divide-by-N stage
(Figure 2.8). This allows to improve the output frequency resolution of the PLL, but at the

expenses of a degraded spectral purity, since the spurs originating from the DDS that fall

four

inside the loop bandwidth are gained-up by an 7
REF

factor and then transferred to the output.

Moreover, the above configuration can only be implemented with PLL ICs that support the

usage of external dividers.

REFERENGE RF
FREQUENCY

PHASE LOOP OUT
COMPARATOR —
cIoek il FILTER

AD9851
- Prescaler |«
DAC ouf DDS Ref Clk in
FRACTIONAL
"DIVIDE-BY-N" FUNCTION
TUNING = 932 i
WORD (Where N = 2°¢/Tuning Word)

Figure 2.8 — DDS in the feedback path of the PLL acting as a fractional divide-by-N stage

Another technique can be to employ the DDS as an offset frequency generator in an offset-

PLL (Figure 2.9), that is a PLL where an analog mixer is inserted in the feedback path. The
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main advantage of this configuration is that DDS spurs within the loop bandwidth will pass
unchanged to the output, rather than amplified as in the previous case. However, the already

four
REF

introduced gain is applied to spurs that fall inside the loop bandwidth originating from

the reference signal. This is a practical limitation to the PLL multiplication factor, as well as

the need to implement an adequate filter at the mixer output.

RF
REFERENCE FREQUENCY
@ PHASE | Loop out.
.| COMPARATOR FILTER
CLOCK ]
Divide-
by-N

Figure 2.9 — DDS as an offset frequency generator in an offset-PLL

In [15], Bonifanti et al. (2003) implemented a DDS-based PLL for 2.4-GHz frequency
synthesis following this scheme. The authors achieved an 80-MHz tuning range for their
solution, with a settling time of 3-us and 240-Hz accuracy. Measured phase noise integrated
over a bandwidth of 1-kHz to 1-MHz is 0.9°. When the PLL is locked, the output frequency

is defined by the following equation:

fovr = N M- frgr + M - fpps
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The authors state that, since in this configuration frgr and fpps are independent terms, frpr
can be high so that a large PLL bandwidth can be implemented, and thus a faster frequency
switching can be achieved. Moreover, the authors report that this allows to lower down the
N and M multiplication factors, in such a way that PFD and divider phase noises are reduced.
In their prototype, the DDS clock was set to 280-MHz, thus its highest output frequency
results 70-MHz. Since an 80-MHz tuning range was the target specification, a divide-by-M
prescaler was inserted before the mixer, thus allowing to reduce the required frequency range
(Figure 2.10). The authors underline that this prescaler stage gains-up the DDS noise and
spurs within the loop bandwidth (that in their work is 2-MHz) by M before passing to the

output, thus M = 2 was chosen as the best tradeoff.

frer PFD > b\_, ‘—. Joun

S

. —
tuning word

Figure 2.10 — DDS-based PLL for 2.4-GHz frequency synthesis

The authors also reported the power consumption of the overall DDS-PLL solution, as a

budgetary analysis for a future IC integration (Figure 2.11). The DDS-DAC blocks represent
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the most important contribution to power consumption, and the authors assert that this may
be the main weakness for a fully-integrated implementation of the system. This can be
considered a key motivation to the research of a revised DDS-PLL phase shifter architecture
for phased arrays, especially if considered the previously discussed revolution that an SoC

for phased arrays is expected to introduce.

PFOH+CP+DIVi16 |

Power consumption [mV\]

Figure 2.11 — Budgetary power consumption of the proposed DDS-PLL solution

Finally, a DDS can be employed as the reference signal generator for the PLL. This is the
simplest DDS-PLL architecture that can be implemented, but in this scheme the DDS noise

Tour factor before

and spurs within the loop bandwidth are once again gained-up by an

passing to the output. Since DDSs are far from being ideal sources, this effect can become
an impairing limitation to the implementation of this technique. In [16], Li et al. (2014)
proposed an active array antenna with remote controllable radiation patterns for mobile

communications based on this architecture. The proposed array consists of 8 antenna
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elements equipped with DDS-PLL phase shifters, implemented through two AD9959 DDS
ICs and 8 ADF4350 PLL ICs. The authors report a 0.1° beam steering resolution, with an
LO frequency tuning range from 1730- to 1790-MHz. Figure 2.12 depicts the system
architecture of the phased array, whereas Figure 2.13 depicts the block diagram of the

transceiver architecture assigned to each antenna.
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Figure 2.12 — System architecture of the proposed phased array
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Figure 2.13 — Block diagram of the transceiver architecture assigned to each antenna
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Each antenna operates from 1920- to 1980-MHz in reception, and from 2110- to 2170-MHz
in transmission, since the target application is a WCDMA base station system. In this
implementation, a bandpass filter is used at the output of the DDS to eliminate spurs before
its synthesized signal is fed into the PLL. The DDS output frequency was set to 220-MHz,
whereas the DDS clock frequency was 500-MHz. The PLL implementation is conventional,
thus when the loop is locked, the output phase and frequency are locked to the ones of the
reference signals from the DDSs. The following equation governs the relationship between

input and output frequencies, namely fpps and fo:

N
fro = EfDDS

whereas the following equation governs the natural relationship between input and output
phases, namely Opps and 8;4:

N
B0 = E Opps

where N and R are respectively the multiplication and the division factors. The output

frequency and phase of the DDS are determined by the frequency tuning word (FTW) and

the phase tuning word (PTW):
FTW PTW
fops = Z—Afcu( 00 = 2—327T

where A is the length of the FT'W and B is the length of the PTW expressed in bits. Thus,
the following equation returns the output frequency and phase of the LO signal based on

the DDS configuration:

62



DDS-PLL phase shifter architectures

N FTW N PTW
LO=E'2—A CLK LO=E' 2B 2m

whereas the following equations return the DDS-PLL frequency and phase resolution:

N 1

N 1
Afio =E'2_Afcu< AG, —E 2_327T

The chosen DDS ICs are characterized by a 32-bit frequency tuning word and a 14-bit phase
tuning word. Considering the above equations, this leads to a frequency tuning step equal to
1.86-Hz and a phase tuning step of 0.35° (since N = 16 and R = 1). The equations are
presented in [16] without introducing further considerations. This is because the authors did
not use any technique to preserve the phase resolution of the DDS at the PLL output. This
was possible since the phase resolution and the output frequency of the chosen DDS were
high enough to achieve a 10-bit resolution anyway. Figure 2.14 shows the simulated radiation

patterns for 11 equally spaced angle of radiations.
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Figure 2.14 — Simulated radiation patterns for 11 equally spaced angle of radiations
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The size of the antennas is 65-mm x 75-mm, fabricated on a 1.5-mm thick substrate with a
dielectric constant of 3. The authors state that the structure of the antenna is optimized to
give a larger beam width in the H-plane to support a wide beam scanning range, and

simulation radiation patterns are depicted in Figure 2.15.
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Figure 2.15 — Simulated radiation patterns of the antenna elements employed in the phased array
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The authors implemented a calibration procedure (for both TX and RX mode) to
compensate for phase mismatches across the channels, that typically originate from ordinary
differences among components, antennas and routing of the signals in the PCB board. The
calibration procedure for the TX mode has been performed in an anechoic chamber where
a spectrum analyser was connected to a horn antenna, placed in such a way that the far-field
condition was satisfied (if considered the position of the phased array under test). A steering
step of 10° was used to demonstrate the beam steeting accuracy. A vector signal generator
was used to synthesize an IF signal, and mutual phase shifts were set among a reference
channel and one of the other 7 DDS-PLLs, leaving the remaining 6 output channels turned
off. This test was used to determine the PTW that returned the lowest received signal
strength at the spectrum analyzer, a condition that corresponds to the T phase offset
condition. The authors assert that looking for the minimum in the received signal strength
vs. PTW characteristics is more significant that looking for its maximum, which is the
condition that corresponds the O phase offset condition, since in this latter case the
recombined signal “is distorted by noise and power imbalance”. The overall system has been
measured to derive the RF channel performance and the radiation pattern. Among the many
parameters that the authors derived, it seems important to report the achieved worst case
EVM that is 1.5% for a 5-Mbps data rate both in TX and RX mode (for a specified output
power of 21-dBm, a specified input power of -55-dBm and a QPSK modulation scheme),
the beam position error with respect to simulated results that is better than 2° and the beam

width error with respect to simulated results that is better than 2.5°.
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2.4 Known variants to the standard architecture

Some works in literature report the attempt to reduce the complexity of the standard
DDS-PLL architecture, in order to lower down its cost and power consumption. In [17],
Avitabile et al. (20006) proposed a DDS-PLL phase shifter where the DDS subsystem is
replaced by an all-digital circuit that feeds square waves rather than sine waves to the PFD
inputs of the PLLs, without degradation of the phase noise performance. In fact, in modern
PEFDs the phase and frequency mismatch detection are eventually operated by converting
the reference input signals into square waves, and then working on their rising edges. For
this reason, the proposed variant gets rid of the unnecessary digital-to-analog transformation
at the DDS outputs as a mean to lower down the complexity of the circuit topology. Figure

2.16 depicts a conceptual block diagram of the proposed solution.

frequency control word

ant 1

(oo 1

clock

Figure 2.16 — Block diagram of a revised architecture based on an accumulator register and offset-PLLs
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The implemented PLLs output frequency is 1.2-GHz and work in an offset configuration.
The offset configuration has been used to preserve the output phase in the feedback path.

In fact, when using an N divider in the feedback path, the signal that goes into the PFD is:

s(t) = A-cos (%t+%)

Whereas when using an offset PLL, the signal that goes into the PFD is:

s(t) = A-cos((wgr — wio)t + @)

This means that the output phase @ is directly compared to the one of the reference signal,
and thus the phase resolution implemented at the reference signal generator is certainly
preserved at the PLLs output. The proposed solution has been tested by the authors in the
[0°; 77°] phase shift range by sampling 12 phase configurations (Figure 2.17), and returned a

maximum error of 2.12°,
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Figure 2.17 — Measured vs. ideal output phase characteristics
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The reference frequency generator is based on an accumulator register, and the actual
reference signal is the value of the most-significant bit (MSB) at its output. It seems
interesting to report how the authors measured the implemented phase shifts. In fact, they
perform an indirect measurement of phase shifts between two PLLs through the use of a
frequency mixer. Since the two PLLs were locked to the same frequency, the DC output of

the mixer is a voltage signal whose amplitude depends on their relative phase (Figure 2.18).
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Figure 2.18 — Measurement setup for indirect quantification of phase shifts

In [18], Avitabile et al. (2008) proposed an improved DDS-PLL phase shifter based on
an accumulator register, comparators and integer-N PLLs. The proposed solution overtakes
the need for the offset-PLL configuration in [17] by taking advantage of the periodicity of
sine waves. Figure 2.19 depicts the block diagram of this improved DDS-PLL phase shifter.
The phase control unit (PCU) is the all-digital hardware architecture that replaces the full-
featured DDSs. The accumulator register is used to implement the phase wheel with a k-bit

resolution and the frequency of its clock signal is feyg-.
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Figure 2.19 — Block diagram of the revised DDS-PLL architecture based on the accumulator register

The k-bit wide output of the accumulator register can be interpreted as a ramp signal whose

frequency is fgiK, and its 2% different outputs are mapped to an equal number of phases.

One comparator per antenna converts the above ramp signal into a square wave. The
comparators are designed in such a way that a pulse is issued when the accumulator register
matches a given phase word, without considering the most significant bits (Figure 2.20). This

happens two times during each ramp period, and the above pulse is used to clock a type-D

feLk
2k -

flip-flop. This means that the frequency of the square wave (namely the PCU output) is
The comparison is performed through k — 1 XNOR gates and an AND gate with k — 1
inputs. The most significant bits of the two words are fed to the D input of the above flip-

flop trough an XOR gate, in such a way that the polarity of the QQ output of the flip-flop

could be chosen accordingly to the above phase word.
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Figure 2.20 — Circuit diagram of the implemented comparators

to PLL

clock

Figure 2.21 depicts the above considerations when k is equal to 3 and the phase word is 011.
In this example, the pulse is triggered when the output of the accumulator register is 011 or
111, with a respective output equal to 0 and 1 at the D-type flip-flop. For a phase word equal

to 111, the pulse would have been triggered for the same outputs of the accumulator register,

but the respective output at the flip-flop would have been inverted.
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Figure 2.21 — Graphical representation of the comparators working principle
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Figure 2.22 depicts the sampled output of a 4-bit wide accumulator register and the output

of a comparator when the phase word is equal to 0000.
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Figure 2.22 — Output of a 4-bit accumulator register and output of a comparator when phase word is 0000

Considering the duration of one period of the clock signal (T¢; k) assigned to the accumulator
register and the duration of one period of the reference signal (Trgr) assigned to the PLLs,

the minimum phase shift that can be assigned to the reference signals (A@rgr) is:

Terx
AQrer = Trgr

2T

The corresponding phase shift A@oyr at the PLL outputs is:

TC LK TC LK

—2n =N
Tour Trer

Apoyr = 2w = N - AQggr
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where Toyr is the duration of one period of the PLLs output sine waves. The above
equations explicate that A@gyr is greater than AQggr, and that its magnitude depends on N,
that is the ratio between the input and output frequency of signals at the PLLs. This has
already been discussed during the review of [16]. However, further considerations are now

taken into account, in such a way that a technique to preserve the output phase resolution of

the PCU at the PLL output is derived.

In DDS-PLLs (and their variants) the output of the PLL is locked to the one of the PCU,
but its frequency can be N times higher when acting as a frequency multiplier. This means
that the relationship between the PCU and the PLL output phase is not trivial, even if it
depends only on the phase tuning word (PTW) assigned to the PCU. When N is greater than
1, the sequence of output phases becomes scrambled, following a law that is now illustrated.

To this end, one can quantify the output phase difference due to the assignment of two

different PTWs (APTW = PTW, — PTW,):

“"N-APTW =23 B+2mx  Eq21

where 27/2% is the phase resolution of the PCU, and f € [0 ... 2¥] and x are integer
numbers. The right side of Eq. 2.1 simply decomposes the obtained phase difference into
two convenient terms, namely an effective phase difference and an integer number of turns
around the phase wheel. Since this latter contribution can be neglected in the case of LO

synthesis, one can rewrite Eq. 2.1 as follows:

21 21
(;-N-APTW) mod 21 =§-ﬁ
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For a generic design, the output phase difference of two consecutive PTWs can be greater
than 27/2%. However, this does not necessarily imply a degradation of the output phase
resolution. In fact, when a given output phase (A@oy: = [271/2%] + B) has to be synthesized,
the above equation merely needs to be inverted. For example, this can be done through a
lookup table.

It is now shown how, in a DDS-PLL phase shifter, as long as N is an odd number, the
output phase resolution is equal to the phase resolution of the PCU. Let’s assume that N =
2m + 1 and that the effective output phase difference is 0 (namely that two PTWs would
return the same effective output phase, and thus the phase resolution would not be

maintained). Eq. 2.1 would become:

APTW = —— 2k
T (2m+1)

Keeping in mind that APTW must be an integer number (constraint A), that APTW must
be less than 2% (constraint B), and that all the dividers of 2K are powers of 2, the only possible
solution for which the equation derived would respect the constraint A is X equal or multiple
of (2m + 1). However, this solution would violate constraint B, because APTW would have
to be equal to 2¥. In other words, two different PTWs cannot produce an effective phase
difference equal to 0, therefore if N is an odd number the output phase resolution of a DDS-
PLL is preserved. Let’s now assume that N = 2m and that the effective output phase

difference is again 0. Eq. 2.1 would become:

X
APTW = = 21
m
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Keeping in mind the previously defined constraints A and B, and that all the dividers of 2k-1
are powers of 2, there are two possibilities for which the above equation respects constraint
A. The two possibilities are that X is equal to m with m being an odd number, or that m is
an even number. If m is an odd number, two PTWs would return the same effective output
phase, and as byproduct the output phase resolution is halved. If m is an even number, more
than two PTWs would return the same effective output phase, depending on the greatest
common divisor (GCD) of m and 2%, The above considerations demonstrate that the
output phase resolution (OPR) of a DDS-PLL is preserved if, and only if, N is an odd

number, and that:

k

PR=———
0 GCD(N, 2¥)
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3 A revised DDS-PLL architecture for phased arrays

The purpose of this chapter is to present my attempt to decrease the complexity of DDS-
PLL phase shifters through the implementation of a revised PCU where synchronous delay
lines (SDLs) with programmable lengths (namely reconfigurable chains of memory elements)
are used to replace full-featured DDSs (as well as the already discussed PCU variants). The
proposed circuit topology is capable to introduce a given set of phase shifts among the PLLs
reference signals employing a simple working principle that involves the management of just
two signal paths: the actual signal that has to be phase shifted, and a clock signal fed to its

memory elements.

3.1 SDLs with programmable lengths

The SDL architecture at the basis of the proposed PCU (Figure 3.1) is a sequential logic
circuit that consists of 2" D-Type flip-flops and n 2x1 multiplexers, organized into n delay
blocks (where n is the desired phase shift resolution expressed in bits). The 2™ flip-flops are
arranged into n shift registers, each one assigned to a delay block. The shift registers are
made up of 2K flip-flops, where k € [0; n — 1] is the position that their corresponding delay
block covers into the SDL. Each multiplexer is assigned to a delay block in order to route,
at its output, the logic level at the input or at the output of its shift register, thus allowing to
program the overall length of the SDL based on a PTW stored into a memory register. The
output of each SDL is fed to a pipeline flip-flop, in order to mitigate phase errors related to

the physical routing of signal paths assigned to each PTW configuration.
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4a 4b 4c 4d

111
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SEL

Figure 3.1 — Three shift registers chained into a SDL with programmable length (k equal to 2, 1 and 0)

From a z-domain perspective, the flip-flops in the SDL implement z ~1 blocks, since each
of them delays the square wave reference signal at the SDL input (REF) by one period of
the clock signal assigned to it (T¢ k). In order to synthesize phase shifts in the [0°; 360°]

range, T g must be related to the period of the input square wave signal (Trgr) as follows:

TREF
Terk = =

Given that a non-trivial implementation requires 1 to be greater than one, ferx is always
equal or more than twice frgr, and thus the Nyquist-Shannon sampling theorem
requirements are always met by the system. It seems interesting to observe that phase shifts
and time delays are equivalent concepts when considering the ideal representation of square

wave signals.

A PCU based on this approach needs one SDL for each PLL of the BSU. Figure 3.2
depicts the block diagram of a 4 channel PCU based on SDLs with programmable lengths.

In the block diagram, the SDLs integrate a parallel-input parallel-output (PIPO) register, in
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such a way that the PTWs that must be assigned to the selection inputs of each multiplexer

can be latched. This means that the I/O inputs of the PCU are multiplexed among the SDLs.
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Figure 3.2 — Block diagram of a 4 channel PCU based on SDL with programmable lengths

This PCU architecture has been described in VHDL, then synthesized and compiled for
FPGA. Considering the fact that the block in position n — 1 merely implements a 180° phase
shift, an XOR gate (acting as a controlled inverter) has been used in its place, saving 21
flip-flops and one multiplexer. The PCU has been designed to provide a phase shift

resolution of 8-bits (corresponding to a phase tuning step as low as 1.40625°) on four
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independent output channels. This means that the overall PCU is made up of 4 SDLs with
n equal to 8. The target FPGA device was the Altera EP4CE225F29C7 (114,480 logic
elements). The synthesis process has been performed in Quartus II 14.1. The FPGA usage

(Table 3.1), in terms of Logic Elements (LEs), reported in the compilation report is less than

1%.

IP LEs Registers Memory

This work PCU 117 (< 1%) 79 448 (< 1%)

Table 3.1 — Compilation report

Figure 3.3 depicts the RTL netlist view of the PCU. The four 8-bit PIPO registers (named
“bypass_c”) are made up of 8 flip-flops. These registers are loaded through 8 inputs (named
“bypass_ex”) of the VHDL component and are selectively enabled through 4 other inputs
(named “bypass_s”). The outputs of each PIPO register are routed to the 8 multiplexers of
its assigned SDL (named “i_delay_block_c”), in such a way that the desired delay is
independently implemented at each channel. The 4 outputs (named “output”) of the VHDL

component are available for further assignment operations.
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bypass_c3[7..0]

Figure 3.3 — RTL netlist view of the PCU entity

Figure 3.4 depicts the RTL netlist view of one of the SDL entities. As already mentioned,
the rightmost flip-flop is used to pipeline the output of the SDL in order to force its
alighment to the edges of the clock signal. Best performance is achieved when this clock
signal is ultra-clean (e.g. is generated from an external clock cleaner circuit), whereas the
reference clock signal can be derived from it (e.g. through one of the all-digital PLLs
integrated into the FPGA [19], dividing its frequency by 2™). This is because the clock signal
assigned to the flip-flops is the one that ultimately determines the output characteristics in

terms of jitter performance.
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Figure 3.4 —RTL netlist view of one of the SDL entities
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Figure 3.5 depicts the RTL netlist view of a delay block (k = 7). The number of flip-flops in

the shift register constitutes the only difference among the various instances of this entity

chained into the SDL.

delay_block:i_delay_block_064

= )
bypass output~0
Yp output~2
input -} output
output~1
q[63..0]
clk

Figure 3.5 — RTL netlist view of a delay block (k = 7)

The chosen FPGA device supports working with ferx and frgr frequencies respectively
equal to 256-MHz and 1-MHz (among the other possible configurations). These have been
the ones chosen during the development of the prototype, and that will always be used in
the following discussion. Once again, the frequency of the reference signals fed to the PLLs
is 1-MHz, and that the frequency of the clock signal assigned to the memory elements is 256
times faster than it. This is done in such a way that the reference signals can be delayed with

an 8-bit resolution, namely in 256 steps of their period.
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The above discussed PCU, implemented as a VHDL component, can be integrated to
other VHDL entities to prototype a full-featured digital subsystem into the FPGA. For
example, the integration of a microcontroller unit (MCU) may allow to control the PCU
through a convenient firmware routine and a well-known serial interface, as well as to execute
other general-purpose code. This form of integration, when extended to the analog and RF
subsystems of a BSU, can lead to a single IC solution that follows the auspicated

characteristics of SoCs for phased arrays presented in Chapter 1.

3.2 A BSU architecture for phased arrays

After designing the PCU, my research focused towards the implementation of a BSU
prototype. This has been done through the acquisition of an 8051 IP core, and the design of
a frequency scaling unit (FSU), namely the PLL subsystem that synthesizes phase shifted
LOs starting from the PCU-generated reference signals. The integration of an MCU as a
BSU component seems desirable for a wide class of applications that require firmware code
execution along with the enhanced connectivity given by phased arrays of antennas. This is
even more evident if considering the complexity of modern communication protocols, and
how the management of their entire stack into a SoC solution could be beneficial in terms

of space occupancy and net weight.

Figure 3.6 presents the block diagram of the BSU, designed for an array of four antennas.
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Figure 3.6 — Block diagram of the BSU

3.2.1 8051 IP core

Focusing the discussion on the full-digital portion of the above architecture, it has been
designed to be compatible with FPGA and ASIC design flows, and it has been synthesized
and compiled for the previously mentioned FPGA IC. Instead of using an external MCU or
one of the powerful microprocessor IP cores from FPGA vendors (that cannot be compiled
to standard cell-based ASIC layouts, since they are not intended to be used outside their

proprietary development environment), the choice has been an open-source 8051 IP core
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from Oregano Systems, distributed under the “GNU Lesser General Public License”

(LGPL).

The IP core is provided in plain VHDL, thus it can be synthesized for both FPGAs and
standard cell based ASICs from major foundries. This means that the FPGA-based design
that is being discussed can be ported to ASIC following the standard digital design flow. The
IP core is binary compatible to the well-known 8051 processor from Intel and is supported
by many toolchains and integrated development environments (IDEs) for firmware
compilation. For example, the IDE that has been used to compile the firmware codes for
this work is Keil uVision 5. Many virtual prototyping environments are also available for its
architecture. The 8051 is extremely popular due to its historical importance and its
continuous reimplementation in modern ICs. It is based on the Harvard architecture, thus it
has two separate storage and signal paths for instructions and data. Being an 8-bit processor,

it can read, write and process words of data whose length is 8-bit. For a deeper discussion

on the 8051 please refer to [20].

The IP core has been configured to feature two timer/counter units, one serial
communication interface (SCI) and two external interrupt sources. It has been linked to a
128 bytes internal RAM, an 8192 bytes external RAM and an 8192 bytes ROM. In this work,
the clock frequency assigned to its core (feorg) is 25 MHz, that is the maximum speed the
IP core is rated for. Ten of its GPIOs are used to configure the PCU, whereas other 12
GPIOs are used to configure the FSU. The SCI is used to interface a host PC through the

RS232 level shifter present on the development board.
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A VLSI implementation of an application processor based on this chosen IP core has
been reported in [21] by Chu et al. (2015) for a TSMC 0.18um technology, occupying a die
area of 1.96-mm”. In their work, the authors integrated the IP core with an in-system
programming (ISP) mechanism, in order to make it independent from specific tooling for its
burn-in phase. This feature is not present in the original 8051 microprocessor and constitutes
an example of a research effort that is focused on improving a state of the art IP and silicon-

proving its final implementation.

It seems interesting to recall that typical digital ASIC design flows are heavily based on
CAD tools capable of: i) compiling hardware description language code (e.g. VHDL files)
into a tree of interconnected standard cells from a chosen process design kit (PDK); ii)
allowing the user to prepare a floorplan for the die area and partition his design; iii) placing
cells under an optimized strategy; iv) routing an optimized clock tree as well as the rest of
the interconnections. Of course, the goal of the expert designer is to conduct the CAD tool
towards the best implementation in terms of functional and non-functional requirements
(e.g. yield). This is done by generating a proper set of constraints (e.g. related to timings) that
the system can tolerate, leading to a rich set of inputs (from which the so-called design space

is derived) for the subsequent optimizations that are conducted by the tool.

The original 8051 has been reimplemented by Oregano Systems obtaining the following

block diagram (Figure 3.7).
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Figure 3.7 — 8051 architecture implemented by Oregano Systems

The main difference between the two implementations is that the one from Oregano Systems

is optimized to reduce the number of cycles needed to perform certain instructions. Thus,

even if the instruction set is the same, code execution can be different in the revised

implementation. For this reason, special care must be taken when implementing firmware

code, especially when generating delays through the execution of routines made up by

dummy code.

The IP core is partitioned into the following hierarchy diagram (Figure 3.8), which depicts

the relationship among the design units.
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Figure 3.8 — Hierarchy diagram of the IP core architecture

It seems important to remind that this hierarchy must be carefully followed when preparing
the project for compilation. In fact, the diagram explicates dependencies among files, and
thus those units that must be declared before others make reference to them. The
mc8051_core unit is the actual block distributed by Oregano Systems whereas the
mc8051_ram, mc8051_rom and mc8051_ramx are instances of third-party memory IP cores

(e.g. from the FPGA vendor) that are to be bound to the rest of the design.

Table 3.2 summarizes the main parameters extracted from the compilation report
(performed in Quartus II 14.1) of the the full-digital portion of my proposed BSU

architecture, that is the top-level entity of the FPGA design.
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IP LEs Registers Memory

This work MCU + PCU 4,261 (4%) 602 198,080 (5%)

Table 3.2 — Compilation report

The RTL netlist view of is depicted in Figure 3.9. Three GPIO ports of the 8051 IP core.
Twelve GPIOs have been used as outputs to program the PLLs whereas other 12 GPIOs

have been bound to the PCU component for its control.
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Figure 3.9 — RTL netlist view of the full-digital portion of my proposed BSU architecture
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The above hardware runs firmware codes compiled into binary files, used to setup the
content of the system ROM IP during its instantiation. For example, a custom firmware used
to support the following qualification process of the BSU in an automated test environment
has been implemented. The high-level flow chart of this firmware is depicted in Figure 3.10,
and comprises a setup procedure to initialize peripherals (such as the serial communication
interface, SCI) and two distinct procedures, one to configure the PLLs [22] in the FSU and
one to store new PTWs into the PCU. These procedures are executed when convenient

ASCII commands are sent from a host computer to the MCU through its SCI.

Setup

|

Read
Command

Configure PCU Configure PLLs

Figure 3.10 — High-level flow chart of the firmware code

The inputs and the outputs of the top-level entity have been bound to actual pins of the

FPGA device, to interface the hardware to the real-world.

3.2.2 FSU design

Four PLLs centered at 2.453-GHz (optimized for reference signals of 1-MHz) make up

the FSU. The PLLs are based on the ADF4118 from Analog Devices and the VCO190-
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2453TY from Sirenza. The digital supply voltage has been set to 3-V whereas the charge
pump and VCO supply voltage has been set to 5-V. The PFD frequency has been set to 1-
MHz (thus the reference signal does not undergo any frequency division). Being the
ADF4118 an Integer-N PLL chip, this prototype can synthesize sine waves equally spaced
in the frequency domain that are 1-MHz apart from one other (due to the above PFD
frequency configuration). The loop bandwidth (LBW) has been set to 10-kHz through a
passive second-order loop filter. This bandwidth value has been chosen as an adequate trade-
off between phase jitter and frequency and phase locking time, respectively 0.43° RMS and
333-ps (simulated in ADIsimPLL). Table 3.3 presents the simulated time-to-lock (T'TL) at
10-Hz, TTL at 1°, and phase jitter for various LBWs (1-kHz, 10-kHz, 20-kHz) implemented
through passive second-order loop filters. Figure 3.11 depicts the transient analysis of the

output frequency and of the phase error for the same above listed LBWs.

LBW TTL at 10-Hz TTL at1° Phase Jitter
1-kHz 9.74ms 9.63ms 0.11° RMS
10-kHz 377us 333us 0.43° RMS
20-kHz 188us 145us 0.75° RMS

Table 3.3 — Frequency and phase TTL
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Figure 3.11 — Transient analysis of output frequency and phase etror for various LBWs (1-kHz, 10-kHz, 20-kHz)
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The FSU has been designed to be powered through an external power supply (5.5-V to
12-V), and each channel is equipped for independent power management through two linear
voltage regulators. It accepts the four reference signals for its PLLs from a header or from
SMA connectors. Figure 3.12 depicts the top view of the FSU. The size of the board is 240-
mm x 100-mm and its thickness is 0.8-mm. The board has been designed on 2 layers. The

bottom layer is used as a ground plane and for the routing of supply voltages. The distance
between the outputs is equal to 6.115-cm, namely% (where A is the wavelength of the LO

frequency, that is 2.453-MHz, in free space). The layout has been carried out through the
implementation of a sub-circuit that has been replicated four times. The traces handling high-
frequency signals have been designed as microstrips in Advanced Design System (ADS) from
Keysight Technologies, with an impedance matched to 50-€2. It must be noted that the most
critical transmission line is the feedback path from the VCO to the ADF4118 IC, if

considering how short the length of other transmission lines is.

L A3 vAsIaRIE A

Figure 3.12 — Top view of the FSU
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3.3 Performance evaluation

It is now presented the performance evaluation of the BSU architecture developed during
this research. This has been done through experimental measurements (performed in time-
and frequency-domain) of phase shifts among the signals at the output channels of the PCU
and of the FSU. Preliminary beam steering performance are also evaluated and will further
be discussed in Chapter 4, where a beam steering transmitter prototype and a more in-depth

examination of the measurement process will be presented.

3.3.1 Measurement setup

Figure 3.13 and Figure 3.14 depict the block diagrams of the measurement setups
employed during the time domain qualification of the PCU and FSU outputs. The PCU
output signals are square waves, characterized by a frequency of 1-MHz, a peak-to-peak
amplitude of 3-V and a mean amplitude of 1.5-V. The FSU output signals are high-frequency
tones, characterized by a frequency of 2.453-GHz and a typical output power level of 3-dBm
(output stages matched to 50-Q2 loads). The above setups are based on a 4-GHz oscilloscope
(LeCroy HDO9404) configured for a 20-GSPS sampling rate in real-time. Phase shifts have

been quantified on digitized signals.

048068 FPGA

Figure 3.13 — Measurement setup diagram (time domain, PCU outputs)
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048068 FPGA

LMK PCU 7 gy | scOPE
Figure 3.14 — Measurement setup diagram (time domain, FSU outputs)

In order to improve the consistency of the phase shift measurements, the coaxial cables used
to implement the interconnections towards the oscilloscope are semi-rigid (6-inch coaxial
cables with 50€2 characteristic impedance and SMA connectors). This is because semi-rigid
cables are meant to keep their shape, and thus reduce random phase changes related to
accidental movements. However, improper bends must be avoided when using semi-rigid
interconnections, since they are sources of stress for the material that may induce phase drifts
over time. This is an undesirable event that can ruin the evaluation of a high-resolution
system such as the one under test. The above setups allow to perform a complete test of the
PCU and of the FSU output signals by acquiring 256 phase difference measurements among
the 6 possible output couples (since the prototype is characterized by an 8-bit resolution and
4 outputs). A total number of 1536 samples have to be collected. This explains the need for
an automated test bench assisted by the 8051 IP core. The automated test bench uses a
MATLAB script running on a host computer to orchestrate the measurement process. The
sctipt uses GPIB commands over TCP/IP to communicate with the oscilloscope, as well as
ASCII commands over RS232 to communicate with the 8051 IP core. GPIB commands are

used to acquire measurement results after a fixed amount of time has passed. ASCII
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commands are used to invoke the PLLs configuration routine or to change the PTWs stored

in the SDLs PIPO registers.

Figure 3.15 depicts the block diagram of the measurement setup employed during the
preliminary frequency domain qualification of the beam steering performance. The setup is
based on an EXA vector signal analyzer (Keysight Technologies N9010A) configured for
1001 points acquisition over a span of 100-KHz with a resolution bandwidth of 47-KHz and
a video bandwidth of 47-KHz. The received signal strength (RSS) is evaluated, in a clean RF

environment, on the received waves propagating in free space and originated by the BSU.

1 B
LMK || PCU | o Y Y ‘
048068 FPGA B i

EXA

Figure 3.15 — Measurement setup diagram (frequency domain, FSU outputs — 2 channels)

The EXA signal analyzer input was connected to a patch antenna working at 2.4-GHz with
a characteristic impedance of 50-C2. A linear array of patch antennas was instead connected
to the outputs of the FSU (Figure 3.16). The antenna design has been conducted in CST
Studio Suite (in Chapter 4 the design and simulation of a variant centered at 3.35-GHz will
be discussed). This has been done designing the patch, and then replicating its structure four

times on the same substrate with A/2 spacing.
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Figure 3.16 - Linear array of patch antennas connected to the outputs of the FSU

The RSS has been computed from the peak amplitude of the tone received when adjacent
channels were powered on in couples (and placed at an equal distance from the receiver).
The distance between transmitters and receivers during measurements respected the far-field

condition, governed by the following equation:

2D?
Rrar =77

where D is the aperture of the array. The above setup allows to perform a complete test of
the FSU by acquiring 256 RSS measurements among the 3 adjacent output couples (since
the prototype is characterized by an 8-bit resolution and 4 outputs). This means that up to a
total number of 768 samples can be collected. The automated test bench follows the same
scheme as the previously introduced one, with the only difference that GPIB commands
over TCP/IP are used to communicate with the EXA signal analyzer to acquire peak power

at the LO frequency.
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3.3.2 Measured performance of the PCU

Figure 3.17 to Figure 3.19 depict the results of the conducted performance measurements
at the PCU outputs, in terms of PTW to output phase trans-characteristic, phase error and
standard deviation on the acquired samples. Measurements have been averaged over 100k

petiods.
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Figure 3.17 — PTW vs. phase difference trans-characteristic (PTW=0 to PTW=255)
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Figure 3.19 — PTW vs. standard deviation for CH1-CH2, CH1-CH3, CH1-CH4 (PTW=0 to PTW=255)

The mean phase error across PTWs is proximal to 0, and the mean standard deviation in the

acquired phase difference samples is less than 0.0025°. The phase etror maintains well within

the range [-0.01°; +0.01°].
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3.3.3 Measured performance of the FSU (coaxial cable)

Figure 3.20 to Figure 3.22 depict the results of the conducted performance measurements
at the FSU outputs, in terms of LUT address to output phase trans-characteristic, phase error

and standard deviation on the acquired samples. Measurements have been averaged over

100k periods.
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Figure 3.20 — LUT address vs. phase difference trans-characteristic (LUTa =0 to LUTa =255)
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Figure 3.22 — LUT address vs. std. deviation for CH1-CH2, CH1-CH3, CH1-CH4 (LUTa =0 to LUTa =255)

The mean phase error across LUT addresses is proximal to 0, and the mean standard
deviation in the acquired phase difference samples is less than 0.01°. The phase error
maintains well within the range [-0.9% +0.9°]. The FSU phase error depends on the PCU
phase error and on other sources of random phase noise, such as the VCO phase noise. It
seems important to remark that the PTWs that have been assigned to LUT addresses have

been descrambled following the theory of operation discussed in Chapter 2.
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3.3.4 Measured performance of the FSU (free space)

Figure 3.23 depicts the results of the conducted performance measurements at the FSU
outputs, in terms of LUT address to the received signal strength (normalized power, dBm).
During the test, the phase of one of the two adjacent outputs was fixed, whereas the phase

of the signal connected to the second output was changed for a monotonically growing series

of output phases.
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Figure 3.23 — Mutual phase shift vs. normalized power (LUTa=0 to LUTa =255)

When two antennas are used, the RSS curve exhibits a zero in correspondence to the
antiphase condition for the electromagnetic waves, namely when a 180° phase shift is

assigned to the outputs of the FSU.
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3.3.5 Discussion

Given the above measurement results, it can be said that the proposed architecture is
suited to implement BSUs for phased arrays following the LO phase shifting approach. In
fact, it can independently drive the phase of four, or even more, independent outputs with a
high resolution. If compared to the state of the art solutions presented in Chapter 1, the
achieved phase resolution is higher, and the architecture has the advantage of being
frequency independent. This means that the same scheme can be ported to higher LO
frequencies without revisions. This can be extremely beneficial to implement “agile”
transceivers, which are solutions useful in software defined radio (SDR) apparatuses, capable
to tune over a broad range of frequencies. The modular structure of the proposed phase
shifter (at SDL and at system level) can be exploited to develop different phase shift
resolutions with a small redesign effort. In fact, the phase shift resolution can be improved
by implementing SDLs with a larger number of delay blocks (e.g. ten, for a 0.35° phase
resolution). However, since for a given frgr the value of f x grows exponentially with n,
an impractical system clock frequency is soon to be approached. This is the intrinsic limit of
any all-digital topology that implements discrete time delays of 1-bit quantized signals. In
fact, even though a clock signal can be used to drive a PLL instead of a sine wave, the
synchronous techniques that can synthesize fine-grained delays in their replicas are deeply
different. This is because the analog reconstruction of a sine wave from its samples, given
that the Nyquist-Shannon sampling theorem requirements are met, allows to implement
delays that are not constrained by the clock frequency of the DDS circuitry that is

synthesizing the signal, which instead limits the maximum output frequency. It is the samples
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lookup table resolution the main parameter constraining the minimum phase tuning step,

when 2 reconstruction filter is used. Conversely, when working with all-digital

sin(x)
X

topologies that implement discrete time delays of 1-bit quantized signals, the minimum time

delay step depends on the system clock frequency, since outputs are bound to two amplitude

values, and can change state only when a transition of the system clock occurs. Thus, the

minimum time delay among two outputs is exactly equal to one period of the system clock.
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4 A beam steering transmitter prototype for

narrowband communications

The purpose of this chapter is to present the design, implementation and evaluation of a
beam steering transmitter prototype for narrowband communications. The proposed
architecture is centered at 3.350-GHz, and its beam steering operation is based on the BSU
presented in Chapter 3. The transmitter is based on a custom RF frontend module and a
linear array of patch antennas centered at 3.350-GHz. The RF frontend module performs
the up-conversion and the conditioning of the IF signal at its input, in order to transmit it
through the array. Actual measurements are reported at block- and system- level, and the
performance of a test WCDMA transmission is also presented. Furthermore, a modulator-

less approach for low data-rate communications is discussed.

4.1 Beam steering transmitter architecture

The architecture of the proposed phased array transmitter is made up of three subsystems:
i) a four-channel LO synthesizer; i) a custom RF frontend module; iii) a linear array of patch
antennas. As will be further analyzed in the following discussion, the main purpose of this
architecture is to transmit an up to 10-MHz wide IF signal (centered at 897-MHz) at 3.350-
GHz, and to operate its beam steering through the BSU based on revised DDS-PLLs

presented in Chapter 3.

Figure 4.1 depicts the block diagram of the above described architecture, and the three

subsystems that have been cited are presented afterwards.
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Figure 4.1 — System architecture of the proposed phased array transmitter

The LO synthesizer is the BSU presented in Chapter 3. It is centered at 2.453-GHz and
implements mutual phase shifts among its output channels in the [0°; 360°] range with an 8-

bit resolution. Figure 4.2 depicts a closeup of one among the four identical LO synthesizers
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present on its PCB when the RF shielding is removed. The overall size of the PCB is

240x100-mm?, and its reference inputs and RF outputs are spaced apart by 61.15-mm.

Figure 4.2 — LO synthesizers PCB (one channel)

The RF frontend module performs the IF signal up-conversion at 3.350-GHz, and the
other signal conditioning required to drive the antennas. The up-conversion is performed,
channel by channel, through passive frequency mixers, and every signal path has been
designed to accommodate a fixed attenuator, a gain stage and a filter at its input and at its
output. This has been done to feed the IF and the LO ports of the mixers an input power
level to optimize their operation, and to achieve an output power at the antennas equal to 0-
dBm. This means that, by design, the target input power at the IF ports was -10-dBm whereas
the target input power at the LO ports was 7-dBm. Given the above constraints, the choice

of the attenuators and of the gain stages were derived from: i) the LO synthesizer output
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powet, ii) the insertion loss of the filters; iii) the conversion loss of the mixers and, iii) the
fixed gains present in the chosen IC series. The IF signal generation can be considered
outside the scope of this work and has been delegated to a vector signal generator (VSG),
whose output power is divided on-board through a 4-way passive splitter. Figure 4.3 depicts
a closeup of one among the four up-conversion stages present on its PCB when the RF
shielding is removed. The overall size of the PCB is 80x215-mm?®. The L.O inputs are spaced
apart by 61.15-mm whereas the RF outputs are spaced apart by 44.75-mm. It must be noted
that the spacing of the input and output connectors is matched to their respective A/2 value.
This means that the four stages are identical, but the routing towards the RF outputs is

matched in length but could not be identical in shape.

YN T Re

Svieiems

Figure 4.3 — Active up-conversion PCB (one channel)
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The linear array of patch antennas is made up of four radiating elements with a A/2
spacing, centered at 3.350-GHz, and designed to guarantee a 10-MHz bandwidth. The overall
size of the PCB is 185x50-mm?* and the SMA connectors on it are spaced apart by 44.75-
mm. The chosen substrate was the RO4003C laminate from Rogers Corporation, with a
thickness of 0.060-in. The design has been carried out using Advanced Design System (ADS)
from Keysight and based on conventional patch antennas design theory. Figure 4.4 depicts

the PCB placed near to a coin to get a reference for its size.

Figure 4.4 — Phased array of patch antennas PCB

The three PCBs have been designed in such a way that they could be assembled together
as demonstrated in Figure 4.5. It must be noted that the FPGA and the ultra-clean clock
synthesizer boards are not present in the figure but are required parts for the synthesis of the

LOs.
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Figure 4.5 — Phased array transmitter prototype

4.2 Antenna design and simulation

Some relevant aspects on the design and simulation of the previously introduced array of
patch antennas are now presented, with a focus on the version centered at 3.350-GHz. It

must be noted that a previous version centered at 2.453-GHz has also been designed,
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simulated and used during the preliminary beam steering tests introduced in Chapter 3.
However, due to the similar nature of the results and the actual scope of this work, only the

3.350-GHz variant will be analyzed.

First, the design of one patch antenna has been conducted in ADS through the
Momentum 3D Planar EM Simulator. Then, the design has been tuned and replicated four
times with a A/2 spacing to implement the phased array. Finally, the 2D layers have been
imported in CST Microwave Studio to derive the following simulation results. Figure 4.6
depicts a pictorial representation of the PCB and the 3D reconstruction of the radiation
pattern when the mutual phase shift among the input ports (A@) is 0° (namely, when

transmitting towards broadside).

Figure 4.6 — 3D reconstruction of the radiation pattern when A¢@ = 0°
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Figure 4.7 depicts the 3D reconstruction of the radiation pattern for a set of four different

values of Ag (0°, 30°, 60°, 90°), looking at the YZ-plane.

frheta =383

Figure 4.7 — 3D reconstruction of the radiation pattern for a set of four different values of A¢g (0°, 30°, 60°, 90°)

It seems important to remark that the above 3D reconstructions concern the radiation
pattern of the antenna, and thus are derived by the far fields observed during the simulated
experiment. Figure 4.8 depicts a 2D reconstruction of the electric field (absolute value) for a
set of four different values of Ag (0°, 30°, 60°, 90°). This is a near-field study of the antenna,
which allows to visualize the effect of phase shifts in the free space propagation of the

electromagnetic signal.
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-13.5

Figure 4.8 — Reconstruction of the electric field (absolute value) for a set of four different values of Ag (0°, 30°,

60°, 90°).

Figure 4.9 depicts the reflection coefficient (in dB) at the four input ports, namely the S-

parameters whose indices are equal.
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Figure 4.9 — Reflection coefficient at input ports (dB)
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It seems important to recall that the reflection coefficient of an antenna quantifies how much
of its input power is reflected to the feed line when its excitation signal is swept in the
frequency domain. This allows to measure the bandwidth of the antenna, that is the
frequency range where a certain amount of input power is delivered to it. For example, when
at least 90% of the input power must be delivered to the antenna, a reflection coefficient
equal or less than -10-dB must be verified in the bandwidth. Figure 4.10 sums up the power
accounting for the antenna array. The radiated power is a share of the overall stimulated

power (e.g. due to losses in dielectrics and metal).
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Figure 4.10 — Power accounting

Figure 4.11 represents the coupling (in dB) among the four input ports, namely the S-
parameters whose indices are not equal. Three groups of curves can be identified and ranked
by descending values of their peak. The first one describes the coupling between adjacent

antennas (1-2, 2-3, 3-4), the second one between antennas spaced by one (1-3, 2-4), the third
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one between antennas spaced by two (1-4). Due to the reciprocity of the problem, some of

the displayed solutions coincide.
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Figure 4.11 — Coupling among the four input ports (dB)

Figure 4.12 depicts the radiation efficiency of the single antennas and of the overall array.
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Figure 4.12 — Radiation efficiency of the single antennas and of the overall array
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Figure 4.13 depicts the radiation pattern of the array in the YZ-cut for a set of four different
values of Ag (0°, 30°, 60°, 90°) whereas Figure 4.14 depicts the radiation pattern of the single

antenna.
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Figure 4.13 — Radiation pattern in the YZ-cut for a set of four different values of A¢ (0°, 30°, 60°, 90°)
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Figure 4.14 — Radiation pattern of the single antenna in the YZ-cut

Considering the above results, the array exhibits a significantly narrower 3-dB angular width
of the main lobe if compared to the single antenna. Moreover, its beam steering is clearly
demonstrated. However, as the steering angle grows due to an increased A, the peak
magnitude of the side lobes, the so-called side lobe level (SLL), is increased. This is an
undesirable effect that must be avoided. For example, this can be done limiting the scan
angle to a value that ensures certain pass criteria. Figure 4.15 depicts 3-dB angular width,

main lobe magnitude (compared to SLL) and main lobe direction for 10 values of A equally

spaced in the range [0°; 180°] (namely any relevant value of Ag).
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Figure 4.15 — 3-dB angular width, main lobe magnitude (compared to SLL) and main lobe direction vs. A@

The main lobe direction dependence from A@ maintains linear in the whole range. The main
lobe magnitude decreases for the upper values of the steering angle, accompanied by a
worsened SLL. A broader (worsened) 3-dB angular width is obtained following the same

trend.

120



A beam steering transmitter prototype for narrowband communications

4.3 Performance evaluation

To implement and characterize a beam steering transmitter based on DDS-PLLs, it is
necessary to develop a system calibration procedure. This must be done to put the array into
a known state, from which predictable mutual phase shifts can be assigned following the
previously reviewed formulations. In Chapter 3, the system calibration has been performed
in time domain, probing the FSU outputs through an oscilloscope and coaxial cables. In this
case, the calibration has been performed in the frequency domain, sampling the RSS of the
actual propagating signal at the receiver end. This is because the overall system, including the

antennas, had to be calibrated at once. The following technique has thus been developed.

Mismatches due to fabrication tolerances must be compensated for through a phase
alignment. This is because tolerances lead to unpredictable phase offsets among the outputs
that must necessarily be eliminated. This has been achieved exciting the IF port of the
transmitter with a single frequency and then aligning each adjacent pair of outputs through

the following steps:
1)  Every PTW is set to 0 to put the array into its reset state.

2)  One channel of the array is arbitrarily assumed as calibrated (a.k.a. the reference

channel).

3) All channels are muted, except the reference and its adjacent one that is going to be

calibrated.

4)  The two unmuted outputs must have an equal electrical distance from the receiver.
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5) The calibration PTW for the non-reference channel is found searching the minimum
RSS condition (a.k.a. the antiphase condition). Phase alignment is obtained adding 2¥~1 to

this PTW and then performing a modulus 2k operation.

6) 'The last calibrated channel is elected as the new reference and is used to calibrate its

adjacent one.
7)  Steps 3 to 6 are repeated for all pairs of outputs that has to be calibrated.

The above steps return a vector of PTWs that ensures phase alignment, namely the
calibration vector for the transmitter. After this calibration, beam steering can be
accomplished using the above PTWs as offset values to be added to the theoretical PTWs

obtained inverting the equation introduced in Chapter 3.

It is useful to note that different strategies can be used to find the PTW corresponding to
the minimum RSS of each channel. One option is to inspect all the PTWs, and then to choose
the one corresponding to the minimum RSS that has been obtained. Unfortunately, this
solution can become too onerous if the resolution of the phase shifter is high or if the
number of radiating elements is large. An effective workaround is to exploit the
characteristics of the RSS curve. The key lies in the fact that the expected curve has just one
minimum point. Thus, interval-halving methods can be used to lower the number of
measurements one needs to perform. A final consideration concerns the repeatability of the
above technique and the applicability of its results. Any perturbation of the signal path affects
the output phase of its corresponding channel. This means that the above calibration has to
be performed any time a perturbation of the signal path characteristics is suspected.

However, it is the PCU to PLLs intetface the one that is most sensitive to fabrication or
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assembly related mismatches. The reason for this is evident if considering the previously

reviewed theory of operation.

It should be noted that in this case the RSS is only used to quantify the electromagnetic
interference effect related to phase mismatches among coherent waves and that the RSS is
not per se an index of the quality of a wireless link. This is especially true for phased arrays
based on the LO phase shifting approach, remembering that a linear phase distortion across
the signal bandwidth is always present. A measurement of the error vector magnitude (EVM)
of the communication under test must always accompany the RSS value to get a clear picture

of the actual capability of the apparatus to transmit intelligible information contents.

4.3.1 Measurement setup

The performance of the prototype has been evaluated in an RF quiet environment. The
test bench included a vector network analyzer (VNA) and two vector signal generators
(VSGs) from Keysight in addition to the instruments that have already cited in Chapter 3.
The same precautions to ensure that the measurements were repeatable have also been used

(e.g. semi-rigid coaxial cables secured through a torque meter wrench).

The first test has been conducted on the up-conversion PCB. This test was performed,
channel by channel, in the frequency domain by inputting known LO and IF signals
generated through the VSGs, and measuring the output power and the EVM of a QPSK

transmission following the WCDMA protocol. The LO frequency was 2.453-GHz and the

IF center frequency was 897-MHz. These values produce, after mixing, an uppet-sideband
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signal centered at 3.350-GHz. The measured EVM (RMS) was within 1% of the theoretical

value.

The second test was conducted on the antenna elements used in the design. The measured
reflection coefficient matched the CST simulated results. For a bandwidth of 10-MHz
centered around 3.350-GHz, the signal’s power transferred to the antenna is above 99%

(Figure 4.16).
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Figure 4.16 — Reflection coefficient at input port (dB)

At the system-level, the overall architecture has been tested attaching a patch antenna to
the VSA and probing the RSS for different directions and for various scan angles. The signal
and frequency configuration of this test was the same as the one from the up-conversion

PCB. However, the proposed transmitter architecture is not bound to this particular
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configuration. It seems useful to remark that this hardware architecture can be employed to

transmit any modulation scheme with any LO and IF frequency configuration.

Figure 4.17 shows the QPSK constellation of the received signal and the EVM (200

symbols) at the VSA when the transmitter is focusing towards it, placed at broadside.
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Figure 4.17 — QPSK constellation and EVM (200 symbols) at the receiver when transmitting broadside (Ag@ = 0°)

Table 4.1 summarizes the values of the main figures of merit measured by the instrument.

Table 4.1 — Main figures of merit measured by the instrument

Measurement Value
EVM (RMS) 5.7193 %
EVM (peak) 14.955 %
Mag. Err. (RMS) 4.0760 %
Mag. Err. (peak) -12.674 %
Phase Err. 2.3033 deg
Frequency Err. 1.1533  kHz
SNR (MER) 24.853 dB
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Figure 4.18 shows a normalized map of the RSS sampled for various values of A@ and
different angular positions of the receiver. The achieved beam steering is clearly recognized,
as well as the worsened 3-dB angular width and SLL near the limits of the scan angle. The
experimental results illustrate how the BSU prototype presented in Chapter 3 can be
successfully used to implement a beam steering transmitter for phased arrays. It is important
to note that improving the resolution of phase shifts is more beneficial when the 3-dB angular
width of the main lobe is small, that is when the number of elements in the phased array is
large. In this case, the angular resolution of the array becomes comparable to the beam width,

and thus an exceptionally fine-grained spatial selectivity can be achieved.

180 0
160 5
140 o
120

15

@ 100

o -20

<

5 e0

-25
60
30
40
2 435
0 -40
80 60 40 20 0 20 40 60 80

Ang. position of the receiver (deg.)

Figure 4.18 — Normalized RSS for various values of A@ and different angular positions of the receiver
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4.4 Modelling the effects of the time delay approximation

Known that the LO phase shifting approach introduces a linear phase distortion across
the signal bandwidth, the above beam steering transmitter has been constrained to
narrowband signals, that in this context are signals whose bandwidth is less than 1% of the
LO frequency. However, a deeper understanding of the effects that the above distortion
introduces had to be carried out. For this reason, a model has been developed to simulate
the effects of the time delay approximation over a bandwidth that is wider than 10% of the
carrier frequency. The model considers an array of four isotropic antennas at the transmitter
end, one isotropic antenna at the receiver end (at a far distance from the transmitter) and an

ideal wireless channel.

Figure 4.19 shows the normalized RSS (linear scale) calculated for seven mutual phase
shifts (equally spaced between 0° and 180°) at the antennas of the transmitter (across a 400-
MHz bandwidth centered at 3.35-GHz) when the receiver is placed in various angular

positions (equally spaced between 0° and 90°).
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Figure 4.19 — Normalized RSS (linear scale) calculated for seven mutual phase shifts when the receiver is placed

in various angular positions

Figure 4.20 shows the normalized RSS (linear scale) calculated for four angular positions

(equally spaced between 0° and 90°) of the receiver when the mutual phase shifts at the
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antennas of the transmitter (across a 400-MHz bandwidth centered at 3.35-GHz) is varied

among various values (equally spaced between 0° and 180°).
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Figure 4.20 — Normalized RSS (linear scale) calculated for four angular positions of the receiver when the

mutual phase shifts at the antennas is varied among various values

The above data allows to derive the following considerations. The RSS varies across the
inspected bandwidth, when keeping constant A@ and A¢. This is because at different
frequencies the same phase shift corresponds to a different time delay, giving an uneven
distribution of the lobes in the radiation pattern and a beam squint across the signal
bandwidth. These two effects must be governed to implement a successful broadband

communication following the LO phase shifting approach.

129



A beam steering transmitter prototype for narrowband communications

4.5 A modulator-less beam steering transmitter

The purpose of this section is to present an alternative beam steering transmitter
architecture for low data-rate communications. The main feature of this solution is that it
does not rely on modulators (or mixers) to transmit data. In fact, it implements phase shift
keyed (PSK) signals through the very LO phase shifting capability of the BSU presented in
Chapter 3, and data transmission is bound to the dynamics of the PLLs phase

reconfiguration.

If many revised DDS-PLL phase shifter architectures have been presented in literature,
the opportunity to exploit their hardware to implement a PSK communication has never
been focused on. This is mainly because the target of these works was to investigate the LO
phase shifting under a quasi-static steering condition, where transients related to phase
reconfiguration can be neglected. Instead, in this approach, the BSU is used to synthesize
both quasi-static LO phase shifts for beam steering, and fast phase shifts for the transmission
of PSK symbols. Under this working condition transients cannot be neglected, since their

duration is comparable to the one of the symbols that are being transmitted.

The theory of operation of the above transmitter is now discussed. If one of the PLL
output phases is considered as a reference phase, o, it can be said that some of its other
output phases (related to an equal number of reference signal delays) can be interpreted as
the symbols of a PSK constellation. In fact, each output phase shift from ¢y can be
interpreted as a rotation of the vector that represents the synthesized PLL output in the IQ
plane. If a LUT exists that can map this transformation (and it exists, since it is the same one

constructed for the mutual phase shifts among PLLs), a modulator can be implemented
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exploiting the very BSU hardware. All it is needed is an operator that sums the phase rotation
assigned to the PSK symbol a, to the phase shift § assigned to the beam steering (Figure
4.21). The a angle changes with a frequency that is defined by the symbol rate of the
communication, thus the transient response of the PLLs at each transition must extinguish
in a fraction of the symbol time duration, a specification that ultimately depends on the loop
bandwidth. The angle § can be interpreted as a phase offset that changes with a much slower
frequency (its variation is only needed to reshape the radiation pattern). The phase rotations
a, due to the transmission of the PSK symbols, do not affect beam steering. In fact, beam
steering is related to mutual phase shifts at the BSU outputs, that only depend on f (a is equal

for all outputs).

Q
v
g
(@)

Figure 4.21 - IQ plane representation of « (phase rotation assigned to the PSK symbol) and $ (phase shift

assigned for beam steering)

Being B = [fu, fi1, B2 P3] the vector of phase shifts to synthesize the desired radiation
pattern, and a the phase rotation assigned to the PSK symbol being transmitted, the resultant

phase state vector for the array is B’ = [a + (o, a + 1, a + 2, a + f5]. Thus, the configuration
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vector for the delay lines is C = [y(a + po), y(a + B1), y(a + p2), y(a + p5)] where yis the
transformation, operated through the LUT, that maps output phases to binary Phase Tuning
Words (PTWs) in the PCU. The transformation is operated by finding the LUT pointer
(PTR) that returns the PTW needed to obtain the a + §; output phase, and then reading from
that address the matching PTW. For a LUT where the PTWs are stored in memory for

increasing output phases, the desired PTR is:

(a + B;) mod 360 . 28)

PTR =
round( 360

where PTR € [0, 1, ... 255], namely PTR is an 8-bit unsigned integer. It must be noted that

PTR can also be computed as follows:

ﬁi - 28 a- 28
PTR = a; + a, = round

360 360

where both addenda a1, € [0, 1, ... 255], that is the addenda are two 8-bit unsigned integers.

In fact, §; € [0°; 360°), and for any 2"-PSK constellation (z € [1, 2, ... 8]):

360
(Z=m'7

where m € [0, 1, ... 2"~ 1]. This allows to lower the number of instructions needed to find

the PTW, since no modulus operation is needed to compute the PTR.

The most important constraint in this technique is that the transient response of the PLLs
at each a angle transition must extinguish in a fraction of the symbol time duration. This
specification fixes the Time To Lock (TTL) at 10-Hz and 1° of the PLLs. Table 4.2 repotts

these values for different LBWs, calculated for a Charge Pump (CP) current of 1.00mA and
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a phase margin of 45°. It must be noted that the reported timings are calculated for VCOs

in free-run as their initial condition, which is not the case during symbol transition.

Table 4.2 — Frequency and phase TTL

LBW TTL at 10-Hz TTL at 1° Phase Jitter
1-kHz 9.74ms 9.63ms 0.11° RMS
10-kHz 377us 333us 0.43° RMS
20-kHz 188us 145us 0.75° RMS
50-kHz 78.2us 55us 1.21° RMS
100-kHz 36.7us 24.5us 1.40° RMS

4,51 Performance evaluation

The purpose of this section is to present the performance evaluation conducted on a
proof-of-concept prototype. The prototype has been configured to transmit data according
to a 16-PSK modulation scheme (4-bits per symbol). The symbol rate of the communication
has been fixed to 8-kbaud (that is the symbol duration time for data transmission, a.k.a. UI,

is 125 ps). Thus, the data transmission rate is:

R _8Hmmi4bus_
b~ S baud ~—

32kbps
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Given a Ul of 125 s, the designed LBW of the PLLs has been set to 100kHz. This means
that the worst-case TTL during a symbol transition is 19.6% of UL. However, a phase margin

of 46.2° has been implemented when working with actual components, thus the worst-case

TTL during a symbol transition is 24.4% of UI (Table 4.3).

Table 4.3 — Frequency and phase TTL for the actual LBW

Loop BW TTL at 10-Hz TTL at 1° Phase Jitter % of UI

100-kHz 45.1us 30.5us 1.37° RMS 24.4

A receiver based on a TRF371125 IQ demodulator has been implemented to perform the
test communication. During the measurements, the receiver was connected to the RF
outputs of the BSU through a 4-way passive combiner and four semi-rigid coaxial cables
with matched lengths (Figure 4.22). This allowed to simulate the position of the receiver with
respect to the transmitter as if it was broadside and at a far distance. The BSU was configured
to transmit towards the receiver, with £, 52, f5 and f¢set to the same value. A random

sequence of bits was used to validate the transmission.

| |
L H | | 3
LMK || PCU [ 4Way I/Q
043068 I DE2-115 | | S 1‘ COM. 4 DEM. | | SCOPE

Figure 4.22 - Measurement setup employed during the qualification of the transmitter
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The passive 4x1 power combiner has been designed so that the four signal paths had matched
lengths. The spacing between the input ports is 6.115 cm, the same spacing as at the FSU
outputs. Traces have been designed as microstrips with an impedance of 50 Ohm at 2.453

GHz (Rogers RO4003C substrate, ¢ = 3.55, H = 0.812mm, W = 1.83mm).

Given the above test bench, Figure 4.23 shows actual 1Q signals (before filtering) for the
signal transitions @ = 135° and @ = 315°. The transient response of the PLLs is shorter than

the designed 19.6% of UI, and thus validates the viability of the proposed solution.

LeCroy|

100 mVdiv 100 mVdiv 50.0 psidiv | Stop 1325V
-1.3250 V ofst -1.3250 V ofst 10.0 MS 20 GSis |Edge Posttive

Figure 4.23 - Actual IQ signals for the signal transitions « = 135° and « = 315°
The narrowband beam steering polar transmitter presented in this section demonstrates
how BSUs based on DDS-PLL phase shifters can be used to introduce spatial selectivity in
low data-rate communications without the need for external parts. However, it also reveals

a number of drawbacks that must be taken into account. First, there is no guarantee that the
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radiation pattern is preserved during transients related to phase reconfigurations. Second, a
broader LBW leads to a worsened spectral purity of the synthesized LOs. These drawbacks
can further be studied through theoretical and experimental approaches. For example, the

benefits of using reference signals with a higher frequency could be investigated.
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Conclusions and future work

This thesis presented the design and the implementation of a revised DDS-PLL phase

shifter, as well as its subsequent integration into a beam steering transmitter prototype.

After an introduction on the topic of phased arrays and the review of some relevant state
of the art architectures, the working principles of common DDSs and PLLs has been
presented, in order to introduce the standard DDS-PLL architecture and its known variants.
Then, the design and the performance evaluation of a revised DDS-PLL architecture, whose
PCU is based on SDLs with programmable lengths, has been presented, along with a
discussion on its FPGA-based prototype. The resultant BSU allows to independently set the
phase of its four outputs with an 8-bit resolution at 2.453-GHz, though the modular structure
of the proposed PCU can be exploited to develop different resolutions with a small redesign

effort. Moreover, the proposed architecture is frequency independent.

The phase shifting performance of the prototype has been quantified in time and
frequency domain. At the PCU outputs, the phase error maintains well within the range [-
0.01°; +0.01°]. At the FSU outputs, the phase error maintains well within the range [-0.9°;
+0.9°]. When two antennas are used, the RSS curve exhibits a zero in correspondence to the
antiphase condition for the electromagnetic waves, namely when a 180° phase shift is

assigned to the outputs of the FSU.

Finally, the implementation and evaluation of a beam steering transmitter prototype for
narrowband communications has been presented. The proposed architecture is centered at

3.350-GHz, and its beam steering operation is based on the above BSU. The transmitter is
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based on a custom RF frontend module and a linear array of patch antennas centered at
3.350-GHz. The RF frontend module performs the up-conversion and the conditioning of

the IF signal at its input, in order to transmit it through the array.

A test WCDMA transmission has been used to evaluate the performance of the overall
transmitter and derive an RSS map for various steering angles and angular positions of the
receiver. The achieved beam steering is clearly recognized, as well as the worsened 3-dB
angular width and SLL near the limits of the scan angle. A modulator-less approach for low
data-rate communications has also been presented, implementing a PSK communication

through the BSU without the need for external parts.

The experimental results illustrate how the BSU prototype can be successfully used to
implement beam steering transmitters for phased arrays. This demonstrates the viability of
the proposed approach, and thus the opportunity to plan more research activities based on

these results.

Future research effort will focus on the implementation of a beam steering receiver based
on the same working principle and the integration of a transceiver architecture into an actual
ASIC design, developed in a BICMOS technology. This perspective is supported by the cost
effectiveness of many mixed-signal processes on the market, the measured results achieved

through the prototype and how animated this research field is.
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The purpose of this appendix is to discuss the topic of FPGA-based prototyping and IP
core based designs, with a focus on SoC designs. Motivations, procedures and tools

commonly employed in the academia and in the industry are presented.

A.1 FPGA-based prototyping

FPGA-based prototyping is a consolidated methodology used to reduce development
costs, shorten time-to-market (TTM), and reduce risks during the design of ASICs. In fact,
as the complexity of digital circuits grows unceasingly, powerful methodologies are needed
to carry on hardware verification before fabrication, in order to avoid costly re-spins. In [23],
Darren Zacher (2010) reported that the development cost of a 90-nm ASIC design is around
20-M$, with an estimated cost for the mask set exceeding 1-M$. This makes clear that
pursuing a fault-free design during the first fabrication pass, or at least trying to minimize the
number of re-spins, is crucial to the commercial success of any ASIC. Moreover, apart from
its cost, each wafer run requires months to be completed, and thus can dramatically increase
the TTM of a product. The above considerations, true for any ASIC design are even more

pertinent when approaching the development of SoCs.

In [24], D. Amos et al. (2011) presented a snapshot of best practices in the field of FPGA-
based prototyping with particular reference to SoC designs. The authors propose a clear
definition of SoC, which is “a superset of ASICSs” that “always includes at least one CPU
and runs embedded software”. The authors also assert that, among the many product designs

that can benefit from FPGA-based prototyping, SoC designs are the ones that benefits the
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most of it due to its “unique ability to provide a fast and accurate model of the SoC in order
to allow validation of the software”. In fact, among the challenging aspects of SoC designs
is that software development has to be counted among the dominant efforts in the product
design. To better explain how crucial a convenient prototyping strategy (such as the FPGA-
based ones) can become for the success of a SoC design, the authors present a case study
reporting the performance of a SoC development project. For example, the authors illustrate
how development costs for an actual wireless headset design performed in a 65-nm
technology (estimated as 31,650-k$) are spread during months. If hardware design related
efforts dominate the development costs in the first 12 months, the first engineering samples
are not ready before month 19, and thus post silicon validation cannot be carried on before
that date. Moreover, software development consumes 40% of the total cost of the design
(due to OS, low-level software and high-level application support, porting or development)
and ramps up just before RTL is finalized. For an average volume of 1.5 million units per
month and an average selling price of 5.508, the authors state that the project is expected to
reach break-even 3 years after the starting product development, that is an extremely
challenging scenario. For this reason, they suggest that any SoC design benefits from a “start
software sooner” approach. The above example has been introduced to demonstrate the
benefits of prototyping, by employing techniques such as simulators, emulators, and FPGA-

based prototypes.

Before reporting the peculiarities of these techniques (with a particular focus toward
FPGA-based prototypes) it seems important to recall what the authors summarized about

user priorities in prototyping, leading to different prototyping options as the best trade-off.
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Time of availability is the opportunity to develop a model for a software validation

environment as soon as the specifications for the design are frozen.

Excecution speed is primarily related to the level of abstraction that is implemented,

and thus to how accurate is the representation of actual hardware.

Aceuracy is the effectiveness of the model, which must not introduce issues related

to its own implementation.

Capacity is the opportunity to host an entire SoC design into the prototyping

solution, as well as its future upgrades.

Development cost is the cost of the prototyping solution, intended as the actual cost
of production plus the overhead cost of tooling design, and suggests if it can be

replicated to furnish development teams.

Bring-up cost is the cost needed to startup the model implementation, without

considering what is already needed to develop the silicon.

Deployment cost is the cost of distributing multiple copies of the prototype such as

actual deployment, maintenance and support for end users.

Debug insight is the detail that inspection tools can provide when analyzing signals,

registers and state of the hardware/software design.

Excecution control is an important feature to debug systems, and is carried on through
the use of assertions in the hardware or breakpoints in the software that

synchronously stops all the involved components.
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10. The opportunity to implement systemz interfaces into the prototype is crucial to

prototype protocol stacks (e.g. USB, network, wireless ...).

11. Turnaround time is the time required to update the prototype if a newer version of

the model is developed.

12. Value links to low power and verification are related to the opportunity to interconnect
portions of the SoC prototype to the other ones in order to verify their behavior,
as well as to assess power consumption of the various components to evaluate

low power strategies.

It seems also important to report what the authors state to be the chip design trends in
future SoC projects: “i) further miniaturization towards smaller technology nodes; ii) a
decrease in overall design starts; iii) programmability combined with a rapid increase of
embedded software content; iv) IP reuse; v) application specificity; vi) adoption of multicore
architectures; vii) low power; viii) an increase in the analog/mixed signal portion of chips”.
The above trends make clear that future designs are oriented where the need for prototyping
is the greatest, namely where the risk per design increases dramatically. That is, for example,
when moving to smaller technology nodes. Moreover, software development is critical to
determine the TTM of SoC devices, since the effort required for its design is equal, if not
surpassing, the one of the hardware development. For this reason, the authors state that
multiple prototyping solutions are in active use among the industry, since different priorities
are taken into account when considering the various aspects of the hardwatre/software

development flow of a SoC product. Figure A.0.1 represents the results of a poll conducted
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during an international conference on SoCs, when 116 participants where asked what

methodologies they were using to develop hardware dependent software.

Fmulator | ‘

Commercial I'PGA Board | ‘

Custom (in-house build) FPGA Board | ‘

Previous Chip | ‘

"lest chip/linal production Hardware |

Virtual prototype/platform |

Design does not require software |

Figure A.0.1 - Poll on methodologies used to develop hardware dependent software

The above chart clearly indicates that among all the prototyping solutions used in the
industry, there’s no preferential choice for users. This may depend on the different pros and
cons of each prototyping solution, which frequently leads to the usage of multiple tools
during the different stages of the product development in order to take advantage of the
peculiar benefits of each of them. Of course, the main impediment to the implementation of

a hybrid approach is its high cost.
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It seems now interesting to recall the particularities of the main prototyping solutions
cited in the above chart, that are virtual prototypes, emulators and FPGA-based prototypes
(being them based on commercial development kits or custom boards). These three solutions
share their independence from the actual silicon implementation of the SoC being designed,

such as test chips or previous generation chips.

1. Virtual prototypes are prototyping solutions that can be employed even in the
catliest stages of the design flow. They can be used to model, in software, the
entire design (e.g. SoCs, boards, IOs, user interfaces) but are not suited to perform
cycle accurate investigations. Virtual prototypes use instruction set simulators to
execute actual software for the target architecture, and can provide several tens of
MIPS when timing accuracy is not required. It is the case of virtual prototypes
shipped with software development kits (SDKs), where the main aim is to let
third-party developers programming and interfacing to a high-level application
programming interface (API). In this case, the prototype must provide a sufficient
level of detail to provide what the authors summarize as “just enough accuracy”
in order to fool the application into thinking that it is running on the final
platform. Virtual prototypes are the best when it comes to development cost and
deployment cost considerations, and this is because they are also needed to
empower the ecosystem of third-party developers and thus must be replicable as

much as possible.

2. Emulators constitute a class of hardware-based prototyping solutions where RTL

designs are mapped into a dedicated hardware in order to improve compile time
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and get powerful insights about the behavior of the design during code execution.
It must be noted that the execution speed of emulators is extremely low (less than
10 MIPS) if compared to simulators, since they are based on a much more detailed
model of the system. Emulators are preferred when an improved degree of
accuracy is needed during execution. Emulators are not able to empower
hardware/software co-development strategies since they need a finalized RTL to
work (and thus a completely specified hardware design). They are especially useful
to extend the verification environment and allow low-level software development,
such as boot ROM code, due to the slow running speed of its execution that
cannot support actual OS bootstrap. Emulators are the best when it comes to
accuracy and debug insight, and this is the reason why they are used as a tool for

early RTL verification.

FPGA-based prototypes are another class of hardware-based prototyping
solutions that implement powerful tools to empower software development and
validation, when a finalized RTL is ready for the design. FPGAs are able to run
designs at almost real-time speed (tens of MIPS) while maintaining the same
accuracy of emulators. This is because in an FPGA the RTL design is mapped to
a certain number of cells in actual silicon. Moreover, FPGA-based prototypes can
be coupled to an extensive number of interfaces and stimulus, in order to develop
a prototyping environment that is as close as possible to the final product.
However, FPGA-based prototypes are not able to reproduce the insights that an

emulator can provide. This is the reason why they are used in latter stages of the
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RTL verification, such as when the RTL is relatively mature. Thus, they are not
suited for hardware/software co-design. Another reason for this choice is that
porting an RTL to FPGA-based prototypes can be a complex task, and when an
FPGA-based prototype is already working for a given design, it is unlikely that the
hardware design would be subject to further modifications. FPGA-based
prototypes are cheaper than emulators, but their price is sufficiently high to inhibit
extensive deployments as it can be the case of software-based prototyping such
as simulators. FPGA-based prototypes are the best when it comes to accuracy,
execution speed and system interfaces, and this is the reason why they are used as
a tool for hardware-software introduction, where tricky bugs can arise that must
be identified before fabrication. Due to their cycle-accurate yet fast model
execution, FPGA-based prototypes are the most representative prototypes of the
final design. For this reason they are extensively used in the industry to prepare
entire hardware and software ecosystems around the novel SoC design, in such a

way that when actual chips are available, everything is ready to put them running.

The authors state that FPGA-based prototypes are best suited when it comes to: i) high

performance and accuracy; 1i) interfacing with the real world; iii) in-lab usage; iv) out-of-lab

demonstration; v) extended RTL test and debug. The authors also assert that these needs are

typically related to: i) test real-time dataflow; ii) early hardware-software integration; iii) early

software validation; iv) test real-wold data effects; v) test real-time human interface; vi) debug

rare data dependencies; vii) proof-of-concept; viii) testing algorithms; ix) public exhibitions;

x) encourage investors. The above list of use cases prefigures that FPGA-based prototypes
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are useful under both an engineering and a business perspective. In fact, these prototypes are
the closest one to the final product when considering the latter stage of its development,
allowing accurate testing and verification into the lab (even through the interface to external
components) as well as the implementation of full-featured demonstrators. However,
FPGA-prototyping are also suited to implement an early stage proof-of-concept of a given

subsystem, such as the case of this research effort.

It can be said that FPGA-prototyping is the most suited for exploratory activities that lack
significant funding, if considering the cost of commercial development kits available on the
market. These kits are perfect to test the behavior of circuits in a real-world scenario, starting
from small subsystems and ending with complex logic architectures, overcoming the need
for accurate, yet time-consuming, SPICE simulations. Moreover, they can be extended with
daughter cards to connect to external devices, such as mixed-signal ICs (e.g. data converters).
This leads to the prototypal implementation of complete solutions that are extremely close
to the behavior of an ASIC. This is the reason why the prototypes implemented during the

experimental work reported in this thesis are based on FPGAs.

Prototyping is an essential strategy in today’s product development. Figure A.0.2 depicts
a qualitative overview of the cost of fixing a problem (e.g. a bug), when identified during

different stages of a typical IC development cycle.
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Cost of
fixing a
problem

Behavioral RTL Gate Level Device
Design Design Design Production

Figure A.0.2 — Qualitative overview of the cost of fixing a problem when identified during different stages of a

typical IC development cycle

If a bug discovered during behavioural or RTL design stage (where prototyping is capable to
provide most of its benefits) is relatively not harmful, this cannot be said when the IC is
already in production (e.g. fabrication of test chips). This is because the production stage is
costly from an economical and a temporal point of view. When a proper verification strategy,
according to several forms of prototyping, is implemented within the RTL design stage,

chances of a successful product implementation are maximized.

A.2 IP core based design

As the number of functions getting integrated into single chip solutions (such as SoCs)
increases, design reuse is becoming essential to accelerate TTM, through the seamless

integration of formerly designed and verified components and subsystems. These reusable
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units take the name of Intellectual Property (IP) cores and implement logic, cells or chip
layouts, which are among the most valuable assets of a design center. IP cores can be
developed and reused internally, or licensed from other parties, such as companies that
developed vertical knowledge into a particular domain. IP core based architectures can be
pursued when making FPGA or ASIC designs, and IP cores are typically distributed as

“soft”, “hard” or “firm” IPs.

1. SoftIP cores are offered as synthesizable or synthesized RTL models, and shipped
in technology independent hardware description language code (such as VHDL)
or generic gate level netlists. Instead, hard IP cores are offered as layout designs,
shipped in a layout format (such as GDS) bound to a specific ASIC foundry

process (that cannot be changed without a redesign).

2. Hard IP cores are ready to be integrated in the final layout of chips, whereas soft
IP cores need at least a synthesis, placement and route (SPR) flow to be ready for

integration.

3. Firm IP cores constitutes an intermediate category that is not cleatly defined in
literature. Authors refer to firm IP cores as synthesizable or synthesized RTL
models optimized for a target FPGA architecture (namely a soft IP core
specialized for a certain FPGA vendor) [25], or as a soft IP core that is shipped
with a preliminary form of layout, such as a floor-plan or a placement (but without

routing).

Soft IP cores are the most suited for digital logic cores such as microprocessors, DSP blocks

and cryptography whereas hard IP cores are the ones that are typically employed to ship
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analog and mixed signal designs such as ADCs, DACs, PLLs and physical layer interfaces.
Many soft IP cores are also “hardened” by vendors, in such a way that a hard IP core is pre-
implemented for a given set of process technologies. This methodology extends the
opportunities offered by the flexibility of soft IP cores through the advantages of hard IP
cores, such as readiness for ASIC fabrication. For example, one can integrate a soft IP core
into an FPGA-based prototype and then one of its hardened variants into the final chip

layout.

Figure A.0.3 and Figure A.0.4 depict the design flow for soft and hard IP cores.

[ Sub-block RTL Models ] Deliverable Data Format
Candidates
Translate .
Create Core Top-Level HDL ferilog > VEIDL VHDL, Verilog,
Verification Test Bench VHDL, Verilog,
Synthesis Synopsys DC

- Synthesis

Test Constraints Shell
Library
Test Methods Document

Design for Test

Timing/Power

Ana
Preliminary Floorplanning Document
A n aIV S 1 S Floorplanning Guidelines LEF
. User
Guide Document
Behavioral C/C++, VHDL
Model Verilog
Processor C/C++, VHDL
Model Verilog
Bus Functional VHDL, Verilog

Model

Figure A.0.3 — Design flow for soft IP cores
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Deliverable Data Format
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Library

Gate-Level .
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TLF, Synopsys,

Synthesi Synthesis s
ynthesis Timing Model NLDM, ITL, MMF

Constraints Y

. Test Description Document
| Design for

Test Methods
Test

Test Patterns WGL, VCD, ASCII

Timing/Power
Analysis Delay Tests WGL, VCD

Floorplanning S Floorplanning
Guidelines Floorplanning Shell LEF, ASCII
v v
. . (07.
Test Bench Verification WGL, VCD

Vectors

' N—

Figure A.0.4—- Design flow for hard IP cores

It seems interesting to elaborate more on this industry trend, which sums up various other
trends in the IC design market. First of all, nowadays the window of opportunity for a
product is so tight that designs are developed with a first-to-market design-wins strategy in
mind, which leads to design reuse as a mean to reach the market quickly in order to anticipate
competitors. Then, the number of subsystems that are now part of a design (in particular a
SoC design) is growing so much that design reuse can be interpreted as a way to move
complex SoC designs toward a high-level integration effort. Moreover, the standardization
of interfaces has also lead to this reuse opportunity, when considering the number of

standardized components that are integrated into designs. Finally, the need for extremely
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optimized products, the growing complexity of involved subsystems as well as the number
of domains involved in modern SoC designs (requiring vertical knowledge in analog and
mixed-signal design strategies) are driving the need for externalizing portions of the design

to vendors that are specialized on a particular set of IPs.

The above considerations drove the experimental work conducted in this research. For
example, the BSU architecture that has been prototyped had, as a functional requirement,
the presence of a full-featured MCU capable to run general purpose firmware code.
Implementing such logic subsystem would have been an extremely tough and time
consuming task, especially if the final MCU had to be based on a custom architecture, not to
consider the effort required to design a custom toolchain for firmware compilation. This is
the reason why a third-party microcontroller IP core has been used to satisty the above
requirement. Such a strategy allowed to move from a design/implementation to an
integration effort. This means that instead of developing the MCU from scratch, an IP core
has been configured and interconnected to the other components of the design hierarchy. A
reuse of existing code has thus been performed, following the relevant industry trend in SoC
design that has been discussed above. It must be noted that open-source projects are
becoming popular even in the area of IP core designs, inspired by the same ideals and
licensing agreement contracts of the free software movement. These designs constitute an
excellent opportunity for researchers, since they allow to gain an in-depth understanding of
complex architectures that have been developed by formal or informal teams of volunteer
engineers, and to develop customizations at any level of the IP core architecture. This is a

tremendous advantage for researchers, which have the opportunity to focus on specific
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improvements in a vast catalogue of subsystems, or to integrate these subsystems into novel
solutions. Of course, the lack of open-source IPs would have been a difficult to overcome
entrance barrier to many research groups, which could not be able to afford the cost of
implementing every component from scratch. Many IP cores are also associated to the
advantage of being silicon-proven. This means that a working layout for it has already been
implemented, fabricated, tested and has been integrated into a final product that currently is
(or that has been) in production. Since, as already mentioned, the fabrication stage costs
money and time, silicon-proven IP cores are the most valuable for ASIC implementations,
due to the fact that it is at least known that someone succeeded into taking them into an IC.
Silicon-proven IP cores are often distributed as hardened IPs, however their cost can make
customers take the choice of designing the layout on their own anyway. Open-source 1P
cores may also be related to silicon-proven designs, especially when their main contributors
are formal teams. For such teams it is a common practice to distribute open-source soft 1P
cores for free (yet under a licensing agreement contract), and to provide their hardened
implementation to customers that are willing to pay a royalty fee. This revenue is what
sustains the open-source project, which acts as a form of knowledge sharing as well as a

strategy to engage new customers.

Among the many IPs on the market, memory blocks (e.g. RAM, ROM ...) are the most
recurrent. In fact, being circuit designs ultimately organized as a dense replication of a base
storage cell, their layout implementation is licensed by foundries and specialized companies.
These IPs may be distributed in the form of fixed block sizes or can be synthesized through

memory compilers, which are software tools capable to synthesize memory blocks for
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various combination of foundries and technology nodes. The availability of these IPs is
crucial to the development of a SoC, since common MCU implementations require at least

internal program memory (ROM) and data memory (RAM).
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