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Abstract The paper presents a track-and-hold amplifier

(THA), based on the switched emitter follower topology,

suitable for emerging receivers architectures and data ac-

quisition systems. The THA exploits four concurrent

techniques, all described in the paper, which allow to re-

duce the hold-mode feedthrough; to attenuate the differ-

ential droop rate; to improve the linearity of the input

buffer; and to optimize the third order harmonic distortion

for RF sampling operation. The effectiveness of this novel

approach is demonstrated using a low cost 0.35 lm SiGe

technology. The THA core draws about 145 mA from

3.5 V supply. The THA provides a spurious-free dynamic

range (SFDR) better than 72 dB when it is used for sam-

pling an incoming signal of 0.9 Vpp centered around

925 MHz at a sampling rate of 0.5 GS/s. The THA allows a

max sampling frequency equal to 6 GS/s and a max input

frequency equal to 2.5 GHz and provides a SFDR better

than 50 dB in all the available working conditions.

Keywords Track and hold amplifier � Switched emitter

follower � RF sampling � SiGe � Microwave circuits

1 Introduction

In the last decades, the introduction of a number of dif-

ferent telecommunication standards and the corresponding

growth of consumer markets strongly pushed forward both

technologies and architecture developments for the trans-

ceiver analog front end. The cost effectiveness and the

design reusability of the transmitter and receiver architec-

ture became a key issue and the approaches based on the

software radio (SR) paradigm [1] and RF sampling [2]

begun to furnish viable solutions even for consumer ap-

plications. The acquisition and successive quantization of

the received signal, indeed, allow a numerical manipulation

of the signal with evident advantages in terms of re-con-

figurability and adaptability of the receiver to different

standards, most of all, when these operations are per-

formable over a wide RF input frequency range covering

several telecommunication standards.

The SR exploitation is strongly subject to the availability

of high frequency ADCs and DSPs, which have to be still

improved in terms of both speed and accuracy to be ade-

quate to the challenge. At the state-of-the-art, the receiver

architecture still relies on a preliminary down conversion to

match the available ADCs and DSPs performances. As an

alternative to the mixer, the sample & hold (S/H) mixer can

perform the down conversion operation with comparable

performances [2]. The resulting structures are usually re-

ferred as software defined radio (SDR) receivers.

An efficient reduction of the conversion rate of the

sampling frequency is a key issue in the receiver in that it

relaxes the DSP requirements. This goal can be achieved

using various techniques, such as analog-decimation and

sub-sampling ADCs, and their effectiveness strongly relies

on the THA architecture.

As a matter of facts, multi-standard operation, resolution

and flexibility requirements call for high sampling fre-

quencies and high resolution track and hold amplifiers

(THAs). The THAs architectures fall in two main cate-

gories, open-loop and closed-loop architectures. Open-loop

structures allow high-speed operations while closed-loop

structures assure better accuracy. Different technologies

lead to different THA solutions.
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The use of advanced and, thus, expensive processes

furnishes the means to satisfy speed and bandwidth

requirements.

Recent literature reports InP THA operating up to

70 GS/s [3, 4]. Usually, a CMOS ADCs requiring a two-

chip solution extremely difficult to package while pre-

serving high-speed performance follows the InP THAs. In

[5] is reported a THA in an InP BiCMOS process. The

SiGe BiCMOS technologies are promising and cheaper

alternatives which allow the use of high-fT HBTs with

CMOS devices even if these HBTs operate at lower fre-

quencies than InP HBTs. Moreover, the literature reports

high sampling frequency THAs fabricated in advanced RF-

CMOS technologies [6].

Concurrently with the improvements achieved by the

technologies, THA architectures must be improved in order

to guarantee a suitable equivalent number of bits (ENOB).

The most popular architectures are based on the diodes-

bridges and switched emitter follower (SEF) stages. Usu-

ally the diode-bridge architecture requires higher supply

voltage than the SEF architecture that, however, normally

consumes more power.

The paper introduces a THA architecture whose core is a

SEF sampling scheme which is the preferred choice when

high sampling rates (fs[ 0.5GS/s) in conjunction with

medium-to-high resolution performances (C8 bit) are re-

quired [7–15]. The proposed THA allows to increase the

ENOB at high sampling rates. To achieve this result is

mandatory to attenuate the effects of all the non-idealities

of the THA. Four techniques are concurrently used to this

purpose. The first technique described in [15] is able to

minimize the differential droop rate, which is one of the

key point in SEF architectures. The second technique aims

to minimize the harmonic distortions by using the tech-

nique presented in [16]. The third technique gives an im-

proved linearity and is based on an input buffer topology

described in [17, 18], while the fourth technique introduced

in [18] allows an advanced hold-mode feedthrough can-

cellation. The process independence of the reported tech-

niques allows the porting of the THA in advanced

processes when higher performances are required.

The paper is organized as follows: in Sect. 2 the pro-

posed THA is presented and analyzed and in Sect. 3 the

prototype measurements are discussed and compared with

other THAs operating at GHz sampling rates and medium-

to-high resolution.

2 Proposed THA

The open-loop THA has a pseudo-differential structure

composed by two similar branches. The pseudo-differential

topology allows to reduce the effect of the even order

distortion components coming from all the ‘‘common-

mode’’ non-idealities, like even order buffering distortion,

common-mode pedestal errors and so on.

As depicted in Fig. 1, the THA is composed by three

main blocks: the input buffer, the sampling circuit and the

output buffer. The input signal is buffered, sampled by the

SEF and, then, fed to the load via the output buffer. Two

secondary blocks, the inter-stage buffer and the auxiliary

amplifier, allow to minimize the effects of the signal

feedthrough on the hold capacitor, CH, during the hold

phase.

In Fig. 2 the simplified schematic of the input buffer, the

inter-stage buffer and the SEF stage are sketched.

The THA combines the techniques presented in [15–18].

The THAs in [15, 16] rely on the same topology and the

same technology. Differently from the proposed THA,

these circuits have an emitter degenerated cascode ampli-

fier, shown in Fig. 3(c), as input buffer. Moreover, they do

not use the inter-stage and auxiliary amplifier for reducing

the hold-mode feedthrough, but a clamping diode which

reduces the gain of the input amplifier during the hold

mode. These THAs adopt the same output buffer topology

and the HD3 reduction technique as the THA described in

this paper.

The THAs in [15, 16] achieve high SFDR but a lower

maximum sampling frequency when compared to the pre-

sent THA, even being implemented in a much more per-

formant and expensive technology. The improvements

introduced in the THA presented in this paper depend on

the improved control of the SEF operations given by the

input buffer depicted in Fig. 3(a) and the auxiliary ampli-

fier, if compared to the emitter degenerated cascode am-

plifier with the clamping diode of [15, 16].

The THA in [18] adopts the input buffer introduced in

[17] and shares with the proposed THA the same tech-

nology process, the input buffer and auxiliary amplifier

topologies but it uses a different output buffer and also a

different sizing of many design parameters. The re-design

and the substitution of the output buffer allowed to improve

Fig. 1 THA architecture
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the performances of the THA in terms of SFDR and dif-

ferential droop rate.

2.1 The input stage

The input buffer and SEF must be extremely linear during

the tracking phase if an overall high linearity has to be

achieved. The simplified schematic of the input buffer is

depicted in Fig. 2. The input buffer is based on the scheme

introduced in [18] which allows to design a degenerated

common-emitter cascode amplifier with high linearity. This

scheme is a modified version of the input buffer reported in

[17]. The change consists in the replacement of the com-

mon base transistor of the original structure with the

switching pair (QP4–QP5 in Fig. 2). This modification

allows to exploit the hold-mode feedthrough cancellation

technique. In track mode the buffer has the same behavior

of that in [17].

Normally for applications in the GHz range, the input

buffer topologies are based on the degenerated common

emitter amplifier. Some common choices are shown in

Fig. 3(b), (c) in single-ended arrangements for sake of

simplicity.

The buffer depicted in Fig. 3(a) assures distortion per-

formances similar to the cascode (Fig. 3(c)) with the ad-

vantage of a voltage supply requirements much lower and

similar to the simple degenerated common emitter ampli-

fier (Fig. 3(b)). At high frequencies the simplified analy-

tical model described in [17], confirmed by the simulations

result, is able to predicts with a good approximation that

Fig. 2 Simplified schematic of Input buffer, inter-stage buffer and SEF stage

Fig. 3 Single ended version

for: a adopted input buffer,

b emitter degenerated amplifier,

c emitter degenerated cascode

amplifier
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the linearity of the circuits in Fig. 3(a), (c) are similar and

better than that of Fig. 3(b).

The couple QP1 and RE creates a trans-conductance am-

plifier similar to Fig. 3(b), the difference is that the other

terminal of RE is connected to the emitter of QP2 instead of

the ground. Since QP2 is strongly current biased in order to

work at very high frequencies, its emitter shows a very low

impedance thus resulting in a ‘‘virtual’’ ground for the couple

QP1–RE which, considering only the first order effects, thus,

behaves as the circuit in Fig. 3(b). The current dependent by

the input signal and generated by the trans-conductor QP1–

RE reduced by the amount of bias current pulled byM1 is fed

by QP2 to the load RL through QP4. The current source I1
sketched in Fig. 3(a) is used to reduce the supply require-

ments by removing part of the current through QP4, and thus

through RL. Since the emitter of QP4 is a very low impedance

node, loading it with a PMOS current source does not pro-

duce a sensible reduction of both the bandwidth and linearity,

given the resulting reduced voltage swing. Hence, QP1–RE–

QP2–M1–QP5 form the highly linear trans-conductance am-

plifier of an equivalent ‘‘conventional’’ cascode and QP4 the

common base transistor. In the proposed circuit, the only

nodes subject to a high voltage swing are the base and emitter

of QP1 and the collector of QP4.

It can be noticed that the distortion of the circuit in

Fig. 3(b) is significantly higher because it is mainly de-

termined by the QP1 base–collector junction which under-

goes a signal whose amplitude is two times that of the

transistors subjected to high swing in Fig. 3(a, c).

The circuit in Fig. 3(a) draws more current than the one

in Fig. 1(c), resulting in a higher power consumption be-

cause the larger drawn current is not completely compen-

sated by the reduction in the supply voltage. This is the

main drawback of the structure [17].

The design of the input buffer is brought out using the

distortion model reported in [17]. The frequency dependent

component of the third order harmonic distortion HD3 can

be expressed as:
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where a ¼ mj mj þ 1
� �

=V2
j , mj and Vj are process pa-

rameters determining the capacitance of the reversed

biased base–collector junction, VS is the input signal volt-

age across the node INP, RB is the base resistance, T ¼
gm;QP1

RE is the loop gain, VT is the thermal voltage. The

load resistors RL1,2 and the degeneration resistors RE1,2 are

105 and 95 X, while the dc voltage at the node INN,P, VC,

TAUX and OBP,N are 1.8, 1.3, 2 and 2.3 V respectively in

track mode.

2.2 The SEF stage

The sampling circuit is the classical SEF optimized for high

sample rates and high resolution. As shown in Fig. 2, the

three transistors QP7, QP8, QP9 represent the core of the SEF

fed by Iswitch, and loaded by the hold capacitance, CH. In

track-mode, the signal T is high and QP7 acts as an emitter

follower while QP9 is in a common base configuration and

the voltage across CH tracks the input signals. The emitter

coupled QP8 and QP9 are used to switch the current, Iswitch,

from QP7 to RL1 during the hold phase. The augmented

current in RL1 during the transition from the track to hold

mode pulls down the voltage across the base of QP7.

The values of RL1, Iswitch and CH are the key points to

design a high sampling frequency THA. The voltage drop

value must be enough for the SEF operation but simulta-

neously must avoid the complete switching off of QP7 as

this would reduce the speed of the THA. To improve the

bandwidth, the load resistor RL1 of the input amplifier has

to be small to maintain small the time constant at the node,

but this means that, to produce the required voltage drop, a

current higher than the optimum value for sampling rate

could be needed. Finally the value of Iswitch which opti-

mizes the fmax of QP7 usually is not compatible with the

current necessary to produce the suitable voltage drop.

The values of Iswitch and CH are the main parameters

which determine the linearity of the THA provided by the

SEF stage. The suitable value of Iswitch determines the

compliance with the target distortion performances for a

given value of CH. The proposed THA use the technique

described in [16] to further improve the HD3. This solution

is based on the existence of a minimum of the HD3 related

to the value of CH as shown in Fig. 4(a).

This effect is due to a compensation between two dif-

ferent distortion sources which have different slope and

opposite sign. One of these sources is related to the dis-

tortion component proportional to x3 [19]. The imaginary

part of the HD3 can be expressed as:

IM HD3ð Þ ¼ x
x1

� �a

� x
x2

� �3
�
�
�
�
�

�
�
�
�
�
¼ 0; ð2Þ

where x1, x2 and a (a\ 3) are fitting parameters extracted

from the simulations, therefore (2) is a partial aid for the

designers and in order to better manage this technique, an
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approximated analytical expression of the minimum should

be useful. At the moment, the study on these distortion

sources with different slope and opposite sign has not still

provided this kind of equation. The basic idea is to size CH

for placing the minimum of HD3 close to the center band

of the input signal. To verify the reliability of this tech-

nique over process variation, several Monte carlo simula-

tions have been done. As shown in Fig. 4(b) the technique

maintains its efficiency over process variation around the

design point (1 GHz in this case).

Actually as mentioned before, the value of CH directly

affects the speed and linearity of the THA, then to exploit

this technique a tradeoff is necessary.

2.3 The output buffer

As depicted in Fig. 5, the output buffer is obtained by the

cascade of two voltage followers. These are optimized to

reduce the differential droop-rate by using the technique

described in [15]. The two cascaded stages have two dif-

ferent values of bias current, Iob1 and Iob2. In the hold

phase, the differential droop rate is one of the main factors

limiting the resolution of the THA. This error has been

mitigated by properly biasing the first stage of the output

buffer.

It is possible to show that the differential droop rate is

mainly due to the mismatch between the base currents of

QP10 and QN10 [20] which depends on the sampled value

across CH during the hold phase. Taking into account that

the order of magnitude of the current difference is pro-

portional to the bias current, Iob1, this latter must be kept as

small as possible. On the other hand, the THA must drive

the capacitive load presented by the first stage of the ADC.

For this reason, a second buffer biased with a higher value

of current, Iob2, has been added to achieve a satisfactory

slew rate.

Figure 6 reports the differential droop rate with a single

buffer, the second one, and with the configuration with two

cascaded buffers which result to be 1.55 and 0.18 mV/ns

respectively.

The currents Iob1 and Iob2 are 1.2 and 12 mA. This

technique is simple and effective. Indeed the comparison

evidences that the proposed buffer provides a differential

droop rate, equal 0.18 mV/ns, almost ten times better than

the other one confirming that this error is roughly propor-

tional to the value of the base current.

The relatively low dropped value is also due to the high

value of the hold capacitor which is optimized for the

specific application.

2.4 The hold-mode feedthrough reduction technique

The signal feedthrough on the hold capacitor CH during the

hold mode is one of the most important source of

Fig. 4 a Third harmonic versus

hold capacitor. b Third

harmonic versus process

variations

Fig. 5 Simplified schematic of output buffer Fig. 6 Droop rate in the case of a single buffer and cascaded buffers
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degradation of the overall performances. To reduce the

effect of this non-ideality, usually the feed-forward ca-

pacitor CFF [21] is adopted as shown in Fig. 2, generally in

conjunction with other circuital solutions.

Different techniques can be used to further reduce this

sampling error. The solution used for the THA is based on

the solution introduced in [18]. The basic idea for at-

tenuating the feedthrough is to reduce the swing at the

entrance of the SEF stages. To this purpose, the same ap-

proach described in [7] has been exploited. However, a

drawback of that technique is the sensible differential

pedestal which derives from the asymmetric common

mode drop during the hold phase at the differential input of

the SEF stage (OBP, OBN in Fig. 1). If this differential

pedestal is not properly managed it introduces a significant

sampling error. The proposed THA is capable to reduce the

differential pedestal thanks to the use of the auxiliary

amplifier depicted in Fig. 7.

Indeed, to avoid the mentioned common mode drop it is

sufficient that a proper copy of the input signal is present at

the input of the SEF during the entire hold phase while the

sampled value is stored on CH. This is achieved by using

the inter-stage buffer and the auxiliary amplifier. This latter

tracks the differential voltage across CH during the track-

mode by means of the inter-stage buffer. During the tran-

sition from the track-mode to the hold-mode the input

signal just before the sampling instant is restored at the

differential input of the SEF stage by the auxiliary ampli-

fier. To this purpose at the transition from track-mode to

the hold-mode, the current flowing in QP2 is switched from

RL1 to RD1 through the couple QP4 and QP5 and the current

flowing in RD1 is switched towards RL1 through the couple

QAUX5 and QAUX7. In this way, neglecting the effects of the

layout parasitic and substrate coupling, the feedthrough is

virtually completely removed. It is important to underline

that this mechanism does not affect the SEF operation,

indeed the sampling is properly realized switching-off QP7

by steering the bias current from QP7 to RL1, until a fast and

sufficient voltage drop at OBP is assured.

3 Experimental results

3.1 The prototype and the measurement set up

The THA prototype has been designed using AMS 35 lm
SiGe fT—65 GHz technology. A photograph of the multi-

function chip containing the THA is reported in Fig. 8. Its

dimensions are about 0.65 9 1.4 mm2. A QFN-64 package

houses the chip and the test board used for measuring the

THA is shown in Fig. 9. The THA absorbs 145 mA from

3.5 V supply voltage. Figure 10 depicts the test bench used

to evaluate the THA prototype. A spectrum analyzer

measures the output of the THA in both the track and hold

phases while the input signal is fed by a signal generator to

the DUT using a 1:1 balun mounted on the test board. The

clock signal is equally fed in a balanced form with a similar

balun. The output pins are loaded by a suitable voltage

divider in order to reduce the effects of the artifacts pro-

duced by the board and bonding parasitic components. The

chosen value for R is 1 kX.
The spectrum analyzer (HP-E4407B) has a single ended

input and, thus, only one of the DUT differential outputs is

measured while the other one is loaded by a 50 X termi-

nation. The unbalanced measurement suffers from a second

harmonic component which is higher than the real residual

second harmonic that pseudo-differential THA is able to

provide and that would be measured by a true balanced

measurement. All the simulations show that the SFDR is

dominated by the third harmonics, being the residual sec-

ond harmonics always lower than the third harmonics. The

single-ended measurement does not allow to exactly esti-

mate the value of the residual second harmonics provided

Fig. 7 Auxiliary amplifier

Fig. 8 Die photograph of the multi-function chip containing the

prototype THA
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by the THA. Taking into account the simulations results

and the single ended measurement limits, we have assumed

that the real second harmonics are lower than the third

harmonics and therefore we have eliminated them from the

measurements of the SFDR. The DUT has been tested both

in Track and T & H mode with variable clock frequencies

and variable input frequency. The resolution bandwidth of

the spectrum analyzer was set to its minimum value of

10 Hz in order to obtain the best noise floor that was

around -130 dBm.

3.2 The measurements

The THA has been designed to maximize the linearity for

sampling a RF incoming signal center around 1 GHz in the

band from 900 MHz to 1.1 GHz with the minimum dis-

tortion around 1 GHz under sub-sampling condition at a

sampling rate of 0.5 GS/s. The effect of the distortion

cancellation discussed in Sect. 2 and reported in [16]

theoretically guarantees extremely linear operations for the

THA. The measurements showed that the minimum is at

925 MHz closely matching the predicted value. This shift

is mainly due to the process variations, indeed the value of

this shift (75 MHz) is compatible with the Montecarlo

simulations reported in Fig. 4. It is worth to note that the

proposed technique even in presence of this shift is still

effective since at 1 GHz the SFDR reaches the very good

value of 70 dB.

Figure 11 reports the fundamental and 3rd harmonic at

this frequency. As mentioned before, being the measured

signal single ended, the second harmonic exists but it is has

been not considered in the measurements since, as

simulations show, the SFDR is set by the third harmonic

thanks to the pseudo-differential topology of the THA. As

can be clearly seen, the instrument noise floor masks the

3rd harmonic and the suppression is better than 74 dB,

compatible with a 12 bit A to D quantization.

The THA has been tested with a set of sinusoidal input

signals at the full scale range level (0.9 Vpp) in the

800 MHz to 1.2 GHz frequency range in 25 MHz steps.

The THA outputs have been evaluated by the spectrum

both in track and in track and hold mode with fs equal to

0.5 GS/s.

In Fig. 12 the measured SFDR in this band is shown, the

values have been reported in correspondence of the input

frequencies. It is possible to note how the minimum of the

distortion is almost centered around 1 GHz and there is

only a small shift toward the lower frequencies. In the same

Fig. 9 for comparison reasons also the simulated SFDR is

reported.

The measured Full Power Bandwidth is equal to

2.5 GHz and the measured differential droop rate is equal

to 0.18 mV/ns.

The THA has been tested for different values of the

input frequency from 50 MHz to the max input frequency

equal to 2.5 GHz and different values of the sampling

frequency from 0.5 GS/s to the max sampling frequency

equal to 6 GS/s.

The linearity in track mode, HD3, is the parameter

which mainly determines the resolution of the THA for

sampling frequency close to 1 GS/s, while, for higher

sampling frequency, the resolution is not still dominated

only by the linearity in track mode but by all the other non-

idealities. As a result, in the spectra of the sampled outputs

it is no more present the maximum of the SFDR in cor-

respondence of the minimum of HD3.

The SFDR observed at the output versus the sampling

frequency is reported in Fig. 13 with an input frequency of

925 MHz and a sampling frequency ranging from 2 to

6 GS/s.

In Table 1 the comparison among THAs operating at

GHz sampling rates and medium-to-high resolution re-

ported in literature using different technologies is

summarized.

For better comparing the reported THAs, the following

figure of merit has been adopted, FOM = Power/

(2ENOB * Fs). The ENOB has been estimated starting from

the available values of SFDR, in this way this FOM takes

Fig. 9 Photograph of PCB used for testing the THA

Fig. 10 Measurement set up
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into account the power, the linearity and the speed being

equal to the following ratio, FOM = Power/

(Linearity * Speed).

It is possible to note that the proposed THA, properly

adopting the mentioned techniques, is able to provide a

better linearity than the other reported THAs, for the de-

sired RF sampling. In this operating condition, the

measured SFDR is similar to that reported in [15] which,

however, uses a more expensive technology. Moreover,

even when the proposed THA is used in operating condi-

tions different from those corresponding to the optimum

(that is fIN from 900 to 1100 MHz and fS\ 1GS/s), it

provides better performances than the other THAs in terms

of max sampling frequency and max input frequency and

Fig. 11 First (a) and third (b) harmonic @ fIN = 925 MHz and fS = 500 MS/s

Fig. 12 Measured and

simulated SFDR for fIN from

800 to 1200 MHz with fS equal

to 500 MS/s

Fig. 13 Measured SFDR for fIN
equal to 925 MHz versus fS
from 2 to 6 GS/s
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similar in terms of SFDR, FSR and power consumption.

Only the THA introduced in [11] presents a power con-

sumption really lower than all the other THAs.

Looking at the FOM which represents a more complete

characterization of the THAs than a single result like the

power consumption, the performances provided by the

THAs in [11, 15] and those described in this work are very

close and are the best reported ones. As a matter of facts,

given the technology, the higher is the sampling frequency

the higher is the power consumption. In fact among the

compared THAs those in [8, 9] and in that here presented

have the higher maximum sampling frequency and the

higher power consumption. In [11] a good optimization in

terms of power saving has been proposed, nevertheless, the

maximum sampling frequency is the lower one and this

result in the lower power consumption.

In general, the increased bias currents and the supply

voltage improve the speed but, also, the linearity and the

power consumption. The proposed THA reaches a very

high level of linearity matched only by the THA in [15]

with a reasonable power consumption. This is evident

looking at the Table 1, indeed aside the THA in [11] and

[15], the FOM of the THA described in this work is sen-

sibly better than all the other ones. This makes the pro-

posed THA a suitable choice for high linearity and high

speed sampling systems.

4 Conclusions

The work presented a THA operating up to 6 GS/s, with a

FPBW equal to 2.5 GHz optimized for RF sampling suit-

able for advanced A to D stage. Measurements reported a

SFDR better than 70 dB, with a 900 mVpp input signal in

RF sampling operation and a SFDR better than 50 dB in all

the other available sampling condition. The comparison

highlighted that the THA introduces significant improve-

ments into the state-of-the-art making it a suitable choice

for advanced receivers architectures and data acquisition

systems.
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