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ABSTRACT The main purpose of this paper is to review the framework behind direct digital synthesizer
phase-locked loops (DDS-PLLs), as well as to provide a set of novel techniques that can be used during the
development and the deployment of phased arrays based on local oscillator (LO) phase shifting approaches.
A beam steering transmitter prototype employing our revised DDS-PLL architecture and the experimental
results obtained during its characterization are presented. The main contribution of the proposed imple-
mentation consists in showing that the output phase increments of the DDS-PLL are unaffected by the
frequencymultiplication operated by the PLL. The proposed prototype is centered at 3.350GHz and allows to
independently set the phase of its four LOs at 2.453 GHzwith an 8-bit resolution. The DDS-PLL architecture
is frequency-independent, and the modular structure of its phase control units allows to achieve different
phase resolutions with a very small redesign effort.

INDEX TERMS Beam steering transmitter, DDS-PLL, direct digital synthesizer (DDS), phase-locked
loop (PLL), phase shifter.

I. INTRODUCTION
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 radiators [1]. Although phased
arrays were first conceived in the early 1900s and have been
used in warfare applications since World War II, over the
years their technology has steadily evolved, and nowadays
there is a renewed interest in their application to consumer
electronics. This is because they provide, compared to single
element antennas, many advantages, including the opportu-
nity to focus and steer the beam without the need to move
their individual elements.

There is a large body of work describing circuits and sys-
tems that are capable of driving electronically scanned arrays,
a.k.a. beam steering units (BSUs). A common classification
consists of considering the BSUs according to the physical
principle and devices used to implement the required phase
shifts at the antennas. Common examples are the BSUs based
on transmission lines. The basic idea is to implement phase
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shifts exploiting propagation delay mismatches arising in
electrical [2], [3], microelectromechanical [4], [5] or opti-
cal [6], [7] circuits. With this approach, the signal is routed
through paths characterized by different electrical lengths.
This can be achieved either through the fabrication of paths
whose physical length is different or by locally altering the
electrical properties of the medium where the propagation of
the signals is taking place. A second common classification
is made by considering the portion of the circuit where the
phase shifts are implemented (Fig. 1), namely Radio Fre-
quency (RF), Intermediate Frequency (IF), Baseband (BB)
and Local Oscillator (LO) paths. To date, RF phase shifting
architectures are the ones that have been most commonly
used to implement phased arrays. In these architectures,
phase shifting is performed near the antennas, either after
the signal up-conversion for the transmitter or before the
down-conversion for the receiver. These architectures are
characterized by one LO distribution point and the use of a
single mixer. RF phase shifting architectures can be designed
for intrinsic resilience to strong interferers. This is because
unwanted contributions captured by the antennas can be
canceled before any other signal conditioning takes place,
which is where the desired signal risks to be distorted by the
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FIGURE 1. (a) RF phase shifting; (b) IF phase shifting; (c) BB phase
shifting; (d) LO path phase shifting.

saturation of the input dynamic range. However, having phase
shifters in the RF path means that they must be rated for high
frequencies, where non-idealities cannot be neglected. This
causes most designs to occupy a large on-chip area and to
require expensive technology processes for their fabrication.
In the case of IF phase shifting architectures, phase shifting
is performed before the up-conversion or after the down-
conversion stage. These solutions operate at amuch lower fre-
quency than the ones that have just been discussed, and thus
their requirements aremore relaxed. However, the complexity
of the overall circuit topology is higher: IF phase shifting
architectures require one frequency conversion stage for each
antenna of the array. This also means that an LO distribu-
tion network capable of guarantying phase coherency at its
output ports must be designed. Since filtering is done after
the frequency conversion, these architectures can become
non-functional in presence of strong interferers. Phase shift-
ing architectures working in BB are frequently developed
through all-digital beamforming [8]. In such systems, beam-
forming in the transmit path is accomplished by imposing
phase shifts and amplitude weights to digital streams of sam-
ples ultimately converted to analog signals through a DAC.
This means that to implement a transceiver, each antenna
must be equipped with an ADC and a DAC. Additionally, the
bandwidth of the involved signals must be small enough so
that all the required computations can be performed in real
time by a DSP. Digital phased arrays can synthesize multiple
beams, perform adaptive enhancements to the radiation pat-
tern, and estimate directions of arrival. Unfortunately, these
advantages have a considerable cost, both in terms of power
consumption and increased complexity of the system. In LO
phase shifting architectures, the LO is the only component
that has to be phase shifted in order to perform beam steer-
ing [9], [10]. In these architectures, phase shifts are indirectly
imposed to signals during frequency conversion. For this
reason, typical performance degradations (e.g. losses, non-
linearity, and noise) due to the insertion of phase shifters
can be neglected. Since phase shifts are applied to single
tones (rather than across the whole signal bandwidth), special
techniques, that are about to be discussed, can be employed

for their implementation. It must be noted that the LO phase
shifting approach implements an approximation of the linear
phase shifts ideally required to drive a phased array. In fact,
they merely add a constant phase offset to each frequency
component of the output signal, thus introducing a determin-
istic phase distortion.

Among the many solutions that have been reviewed,
the LO phase shifting approach is the most promising. This
is especially true when phase shifts are implemented dur-
ing the very synthesis process of the LO, as it happens in
direct digital synthesizer phase-locked loops (DDS-PLLs).
DDS-PLLs are well recognized [11] as a solution to imple-
ment economic, compact and lightweight BSUs for phased
arrays, and are characterized by an exceptional phase resolu-
tion and a frequency independent theory of operation. Since
the steering resolution is a function of the phase shifters’
resolution, it becomes extremely beneficial in large phase
arrays with narrow main lobes.

Considered the above state of the art, the focus of our
work has been to review and expand the framework behind
DDS-PLLs and to disclose a set of techniques we pre-
pared during the development of our prototypes. Moreover,
we present a beam steering transmitter based on our revised
DDS-PLL architecture along with the experimental results
obtained during its characterization. In this paper, for the
first time, we demonstrate why, in certain circumstances, the
output phase increments of DDS-PLLs are unaffected by the
frequency multiplication operated by the PLL, and we show
the measured results of beam steering for our transmitter
acquired in multiple angular positions and for different steer-
ing angles.

The rest of the paper is organized as follows. Section II
reviews the theory of operation of conventional and revised
DDS-PLL phase shifters. Section III presents a set of tech-
niques that can be used during the development and the
deployment of phased arrays based on the proposed phase
shifting approach. Section IV presents a beam steering trans-
mitter prototype employing a revised DDS-PLL architecture.
Finally, Section V discusses the experimental results col-
lected during the characterization of the prototype.

II. THEORY OF OPERATION OF DDS-PLL PHASE
SHIFTERS
DDS-PLLs are electronic circuits that can be used to synthe-
size LOs whose phase can be adjusted in fine-grained steps.
This is done through a PLL synthesizer, whose output phase
and frequency is controlled by the output phase and frequency
of a DDS.

Fig. 2 shows a simple schematic representation of the
DDS-PLL structure. According to a well-established the-
ory [12], the DDS signal along with the feedback output
signal generates an error voltage that, suitably filtered, forces
the voltage-controlled oscillator (VCO) instantaneous phase
divided by an integer factor, N, to be equal to the DDS
reference phase. Thus, in DDS-PLLs, the DDS block allows,
under the control of a digital Phase Tuning Word (PTW),
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FIGURE 2. (a) DDS-PLL phase shifter’s block diagram; (b) Simplified linear
model of the PLL.

FIGURE 3. Mutual phase-shift between multiple channels.

to continuously vary the reference phase produced at its
output, and therefore it acts as the phase control unit (PCU) of
the PLL output. This allows combining the PLLs’ ability to
generate stable high-frequency tones with the exceptionally
high phase resolution of DDSs.

For a system with multiple output channels, the phase shift
associated with each signal requires the definition of one of
the channels as a reference. Fig. 3 illustrates how, thanks
to the properties of the PLL, different phase shifts of the
same reference signal determines the required corresponding
mutual shifts in the output signals.

The DDS, in our case, feeds the phase shifted reference
signal to the second, third and fourth channel by retrieving
time-shifted replicas of the same stored waveform. The main
difference between this and other approaches to phase shift-
ing is that in this case phase shifts are introduced during
the synthesis process of the LO. This means that the LO
is directly synthesized with the desired phase, rather than
having the phase shifts applied after the generation of the
LO. Three alternative architectures can be used to implement
DDS-driven PLLs. They differ from the role assigned to the
DDS into the loop. For example, one can put the DDS in the
feedback path of the PLL, in order to implement a fractional

divide-by-N stage [13]. Alternatively, the DDS can be used to
generate the offset frequency in an offset-PLL [14]. Finally,
one can use the DDS to generate the reference signal of the
PLL. This last option is the simplest DDS-PLL architecture
that can be implemented (Fig. 2).

Our revised-approach allows to further simplify the afore-
mentioned DDS-PPL architecture because it does not need a
traditional full DDS. Indeed, our structure does not require
a sine wave but, rather, the reference signal can be a
square wave with a relative delay between the various chan-
nels of Fig. 3 [15]. This provides a very important advan-
tage: it allows to completely avoid the well-known spur
issues usually associated with DDS-based sinusoidal synthe-
sis [16], [17] thus ensuring a better spectral purity. For a
more thorough theoretical analysis, the reader is encouraged
to refer to [12], [17], and [18].

Given these premises and assuming phase locking has
occurred, it is now evaluated in detail how, in this latter
scheme, the output phase of the PLL is controlled by a
phase shift at the DDS output. Let’s assume that the DDS is
synthesizing a sine wave. If1ϕMIN is the smallest phase shift
that the DDS can apply to its output signal, its corresponding
minimum time delay (1tMIN ) is:

1tMIN =
1ϕMIN · TREF

2π
where TREF is the period of the DDS’s output sine wave (that
will be used as the reference signal of the PLL). The phase
shift at the PLL’s output (1ϕOUT ) due to the above time delay
is:

1ϕOUT =
1tMIN
TOUT

2π = N
1tMIN
TREF

2π = N ·1ϕMIN

where TOUT is the period of the PLL’s output waveform.
When phase-lock is achieved [12], TOUT is equal to TREF

divided by the integer division factor, N (see Fig. 2). As it
will be explained in the remainder of this section, due to the
periodicity of the PLL’s output, even if1ϕOUT is greater than
1ϕMIN , this does not mean that the phase resolution of the
DDS-PLL phase shifter will be less than the one of the DDS.
Since in modern phase frequency detectors (PFDs) the phase
and frequency mismatch detection are operated by converting
an analog input signal into a digital signal, several revised
topologies have been proposed to decrease the complex-
ity and power consumption of these DDS-PLLs [15], [19].
In fact, the DDS can be completely replaced by an all-digital
PCU that, without any degradation of the PLL performance,
feed square waves rather than sine waves to its PFD input.
As a result, these architectures do not require a digital-to-
analog conversion at the DDS output and therefore help to
significantly reduce both the complexity of the circuit and its
power consumption. The DAC block is usually the largest
contributor [14] to the power consumption of a DDS, and
thus the interest in revised DDS-PLL implementations seems
more than justified.

It is important to remark that in DDS-PLLs (and their vari-
ants) the output of the PLL is locked to the one of the PCU,
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but its frequency can be N times higher when acting as a fre-
quency multiplier. This means that the relationship between
the PCU’s and the PLL’s output phase is not trivial, even if it
depends only on the phase tuning word (PTW) assigned to the
PCU (namely a k-bit word, whose permutations correspond
to linearly spaced angles in the [0◦, 360◦] range). 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 assign-
ment of two different PTWs (1PTW = PTW 1 − PTW 0):

2π
2k
· N ·1PTW =

2π
2k
· β + 2πx (1)

where 2π/2k is the phase resolution of the PCU, and
βε [0 . . . 2k ] and x are integer numbers. The right side of
equation (1) simply decomposes the obtained phase differ-
ence 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 equation (1) as follows:(

2π
2k
· N ·1PTW

)
mod 2π =

2π
2k
· β (2)

For a generic design, the output phase difference of two
consecutive PTWs can be greater than 2π/2k ; however, this
does not necessarily imply a degradation of the output phase
resolution. When a given output phase (1ϕout = [2π/2k ] ·β)
has to be synthesized, the above equation must 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). Equation (1) would become:

1PTW =
x

(2m+ 1)
· 2k (3)

Keeping inmind that1PTW must be an integer number (con-
straint A), that1PTW must be less than 2k (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 1PTW would
have to be equal to 2k . 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.
Equation (1) would become:

1PTW =
x
m
· 2k−1 (4)

Keeping in mind the previously defined constraints A and B,
and that all the dividers of 2k are powers of 2, there are
two possibilities for which the above equation respects con-
straint 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 a 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 2k−1. The
above considerations demonstrate that the output phase reso-
lution (OPR) of a DDS-PLL is preserved if, and only if, m is
an odd number, and that:

OPR =
2k

GCD(N , 2k )
(5)

III. TECHNIQUES FOR DDS-PLL IMPLEMENTATIONS
The reviewed theory of operation is not sufficient to imple-
ment and characterize beam steering transmitters based on
DDS-PLLs (and their variants). This is because some prac-
tical issues must be carefully controlled. The following set
of techniques have been developed to address these practical
issues.

First, mismatches due to fabrication tolerances must be
compensated for. This is because they lead to unpredictable
phase offsets among the output channels of the DDS-PLLs,
even if they were assigned the same PTW. A calibration
procedure is necessary to phase align the LOs, and thus put
the phased array into a known state from which predictable
mutual phase shifts can be assigned following the previous
formulations. This can be achieved by exciting the IF port of
the transmitter with a sine wave and then aligning adjacent
outputs in pairs. Following are the steps that can be adopted:

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 cali-

brated (and thus as the first reference channel).
3) All channels are muted, except for the current reference

channel and the one that is going to be calibrated.
4) The two unmuted channels must be placed at an equal

electrical distance from the receiver (whether we use
antennas or coaxial cables and a power combiner).

5) The PTW for the phase alignment of the non-reference
channel is obtained adding 2k−1 to the PTW cor-
responding to the minimum received signal strength
(RSS) at the receiver and then performing a modulus
2k operation. Thus, the PTW we look for is the one
corresponding to the antiphase condition, from which
the PTW for phase alignment is calculated.

6) At this point, the last calibrated channel is elected as
the new reference, and its adjacent output becomes the
new channel to be calibrated.

7) Steps 3 to 6 are repeated for every adjacent pair of
outputs that must be calibrated.

The above steps return a vector of PTWs that ensures phase
alignment. After calibration, beam steering can be accom-
plished using the above PTWs as offset values to be added
to the theoretical PTWs obtained inverting equation (2). It is
useful to note that different strategies can be used to find the
PTW corresponding to the minimum RSS of each channel.
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FIGURE 4. Theoretical normalized curve of the RSS when the mutual
phase shift among two active output channels is varied.

One option is to inspect all PTWs to choose the one corre-
sponding to the minimum RSS. 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 effec-
tive workaround is to exploit the fact that the theoretical
normalized RSS curve has just one minimum point (Fig. 4),
as it follows from its equation:

RSS(1ϕ) = dB(1+ cos (1ϕ)) (6)

A final consideration concerns the repeatability of the
proposed technique and the applicability of its results. Any
perturbation on the signal path affects the output phase of
its corresponding channel. However, it is the PCU to PLLs
interface the one that is most sensitive to mismatches. The
reason lies in the previously derived theory of operation.

An alternative way to measure mutual phase shifts among
the output channels is to sample the waveforms in the time
domain with an oscilloscope. One can interconnect the LOs
under test to an oscilloscope and measure the time differ-
ence among the zero-crossings of the acquired signals, and
quantify mutual phase shifts by studying the cross-correlation
function of these same signals. It is important to note that
the precision of the measurement is affected by the time-
base and gain settings of the instrument. To obtain consistent
results, time-base and gain must be kept the same for the
whole measurement process.

In an RF quiet environment, the system-level characteri-
zation of the transmitter can be performed using a simple
setup consisting of a spectrum analyzer interconnected to
an antenna (acting as a receiver). A 1-D characterization of
the beam steering can be performed by sampling the RSS at
multiple angular positions and for different steering angles
assigned to the transmitter. For example, for a given steering
angle, one can sample data for a full revolution of the trans-
mitter through a motorized rotating pedestal. It is important
to emphasize that, to obtain meaningful results, the distance
between the phased array and the receiving antenna must be
chosen in such a way that the far-field condition is satisfied,
that is:

Rfar =
2 · D2

λ
(7)

FIGURE 5. PCU architecture used to implement the revised DDS-PLLs.

FIGURE 6. System architecture of the proposed phased array transmitter.

Moreover, it should be noted 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,
where a linear phase distortion across the signal bandwidth
is always present, and whose magnitude increases for higher
steering angles. A measurement of the error vector magni-
tude (EVM) of a test communication, following any of the
many well-known protocol standard, must be conducted to
get a clear picture of the actual capability of the apparatus to
transmit intelligible information contents.

IV. BEAM STEERING TRANSMITTER PROTOTYPE
To prove the validity of the theory and techniques presented,
we fabricated a beam steering transmitter prototype. The pro-
totype uses the PCU architecture introduced in [20] (Fig. 5).
In this architecture, the PCU is implemented through an
accumulator register and a set of comparators and has been
synthesized into an FPGA evaluation board. The comparators
are implemented in such a way that, depending on their
assigned PTW, the output is a square wave with a different
phase.
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FIGURE 7. Phased array transmitter prototype.

The system architecture is depicted in Fig. 6 [21]. The
transmitter is made up of four identical channels equipped
with a LO synthesizer, an active up-conversion stage, and
an antenna. In this implementation, the design has been par-
titioned into three Printed Circuit Boards (PCBs), one for
each of the cited subsystems. The three PCBs have been
designed in such a way that they could be assembled together
as demonstrated in Fig. 7. The design of the LO synthesizers
and their PCB implementation have been presented in [22].
Its size is 240x100-mm2 and its reference inputs and RF
outputs are spaced apart by 61.15-mm. The PCB is made up
of four integer-N PLLs based on an Analog Devices’ inte-
grated circuit (ADF4118) and a voltage-controlled oscillator
(VCO190-2453TY) from Sirenza (Fig. 8). The mutual phase
shifts among the channels are implemented by the previously
cited PCU. The PCU and an open-source microcontroller
IP-core [23] with the function of assisting the configuration
of the PCU and PLLs have been synthesized onto a single
Altera’s EP4CE225F29C7 FPGA. The PCU outputs four
1-MHz square waves. Their phase can be changed with
an 8-bit resolution over the [0◦, 360◦] range. The PCU’s
clock signal has a frequency of 256-MHz and is conditioned
through a low noise clock jitter cleaner integrated circuit from
Texas Instruments (LMK04806B). The spectral purity of this
clock is crucial to obtain high-quality LOs.

The up-conversion PCB is made up of four sub-circuits
based on the ADE-35MH from Mini Circuits, as well as
LO, IF and RF path gain blocks from Analog Devices and
passive filters and attenuators from Mini Circuits (Fig. 9).
The size of the board is 80x215-mm2. LO inputs are spaced
apart by 61.15-mm whereas RF outputs are spaced apart
by 44.75-mm.

The antenna array’s PCB is made up of four patch antennas
designed with Keysight’s ADS and lays on a 0.060-in thick
RO4003C laminate from Rogers Corporation (Fig. 10). The
antennas have been centered at 3.350-GHz and are spaced

FIGURE 8. LO synthesizers PCB (one channel).

FIGURE 9. Active up-conversion PCB (one channel).

FIGURE 10. Antenna array PCB (four patch antennas).

apart by λ/2. The size of the PCB is 185x50-mm2 and
the SMA connectors on it are spaced apart by 44.75-mm.
Fig. 11 shows the 3D reconstruction of the radiation patterns
for 4 different mutual phase shifts configurations (1ϕ = 0◦,
30◦, 60◦, 90◦) whereas Fig. 12 shows the 3-dB angular width,
main lobe magnitude, sidelobe level (SLL) and main lobe
direction for ten1ϕ configurations. The obtained scan angle
is ±54◦, however, the shape of the radiation pattern may
require limiting this range. For example, if the specification
of the system requires an SLL better than −10-dB, the scan
angle must be restricted to ±27.4◦. The above results have
been simulated through CST.

V. EXPERIMENTAL RESULTS
The performance of the described prototype has been evalu-
ated both at the block- and system-level in an RF quiet envi-
ronment. Our test bench included the following instruments:
i) an N9010A vector signal analyzer (VSA) from Keysight;
ii) an HDO9404 oscilloscope from Teledyne LeCroy; iii)
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FIGURE 11. 3D reconstruction of radiation patterns for 4 different mutual
phase shifts configurations (1ϕ = 0◦, 30◦, 60◦, 90◦).

an E4433B and an N5182A vector signal generator (VSG)
from Keysight; iv) an N5242A vector network analyzer
(VNA) from Keysight. During the tests, the interconnec-
tions were made through semi-rigid coaxial cables secured
through a torque meter wrench. This was done to ensure
that the measurements were repeatable, that the losses intro-
duced were controlled, and that undesired couplings were
minimized.

The first test was to validate the LOs generation and
mutual phase shifting capabilities among the channels. The
validation process was conducted on the LO synthesizers
PCB and was performed in the frequency domain to assess
the spectrum at each output, and in the time domain, by
sweeping the phase of one output and comparing it against all
the others, to find the phase error of complete set of mutual
phase shifts (256 steps). The PFD frequency of the PLLs
was set to 1-MHz, whereas the loop bandwidth was set to
10-kHz through a second-order passive filter. The measured
phase noise matches the expected RMS jitter of 0.6◦ simu-
lated through ADIsimPLL. The RMS phase error is less than
1◦ and was measured through the cross-correlation method
described in the previous section using a window of 10k
periods sampled at 20-GSPS.

The second test has been conducted on the up-conversion
PCB. This test was performed, channel by channel, in the fre-
quency domain by inputting known LO and IF signals gener-
ated 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 should produce, after
mixing, an upper-sideband signal centered at 3.350-GHz. The
measured RSM of the EVM was within 1% of the theoretical
value.

Finally, we tested the reflection coefficient of the antenna
elements used in the design (Fig. 13). For a bandwidth
of 10-MHz centered around 3.350-GHz, the signal’s power
transferred to the antenna exceeds 99%. Fig. 14 shows
the normalized radiation pattern for the single antenna.

FIGURE 12. 3-dB angular width, main lobe magnitude with SLL, and main
lobe direction vs. mutual phase shift assigned to adjacent antennas (1ϕ).

FIGURE 13. Measured reflection coefficient at input ports.

The purple lines demarcate the limits of the main lobe, whose
Half Power Beam Width (HPBW) measures 85◦.
At the system level, the overall architecture has been

tested attaching a patch antenna to our VSA and probing the
received signal strength (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
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TABLE 1. Normalized values of the radiation pattern for 1ϕ equal to 0◦, 22.5◦, 45◦ and 90◦, sampled at various angular positions 1θ (dB).

TABLE 2. Comparison of state of the art phase shifting architectures.

FIGURE 14. Normalized radiation pattern for the single element antenna.

PCB. However, our proposed transmitter architecture is not
bound to this particular configuration. In fact, it can be
employed to transmit any modulation scheme with any LO
and IF frequency configuration. This is because all DDS-
PLL architectures and their revised variants are frequency
independent. Frequency independence is achieved thanks to
the fact that the aforementioned architectures implement the
same quantized phase shifts across the whole synthesis band-
width of the PLLs.

FIGURE 15. Normalized radiation pattern for the antenna array
(1ϕ = 45◦).

Fig. 15 shows the normalized radiation pattern for the
antenna array when the mutual phase shift assigned to adja-
cent antennas (1ϕ) is equal to 45◦. The purple lines demar-
cate the limits of the main lobe, whose HPBW measures
26◦. The beam steering is clearly recognized. In this case,
the main lobe direction points away from the broadside
of 14◦. TABLE 1 provides normalized values of the radiation
pattern for 1ϕ equal to 0◦, 22.5◦ , 45◦, and 90◦, sampled
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at various angular positions 1θ . The experimental results
illustrate how our revised DDS-PLL architecture can be suc-
cessfully employed to implement a beam steering transmitter
for phased arrays. TABLE 2 [22] compares our solution
with other state-of-the-art phase shifting architectures. It is
important to note that improving the resolution of the 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.

VI. CONCLUSIONS AND FUTURE WORKS
This work presented a review of the framework behind
DDS-PLLs, as well as a set of techniques that can be used
during the development and the deployment of phased arrays
based on LO phase shifting approaches. A beam steering
transmitter prototype employing a revised DDS-PLL archi-
tecture has been presented, together with the experimental
results obtained during its characterization. The proposed
prototype, centered at 3.350-GHz, allows to independently
set the phase of its four LOs at 2.453-GHz with an 8-bit reso-
lution and has been used to implement a successful WCDMA
wireless link. The DDS-PLL architecture is frequency inde-
pendent, and the modular structure of the presented PCU can
be exploited to achieve different phase resolutions with very
small redesign effort. The achieved phase shift resolution is
especially useful in large phased arrays, where the 3-dB angu-
lar width of the main lobe is small, and thus exceptionally
fine-grained spatial selectivity can be achieved.

Future works will focus on: i) the implementation of a
larger phased array, to take full advantage of the achieved
phase resolution; ii) the implementation of a beam steering
receiver prototype and its integration towards a full-featured
transceiver.
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