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Design of a 100-MHz 10-mW 3-V Sample-and-Hold
Amplifier in Digital Bipolar Technology

Behzad RazaviMember, IEEE

Abstract—This paper describes the design of an all-npn open-
loop sample-and-hold amplifier intended for use at the front end
of analog-to-digital converters. Configured as a quasidifferential
topology, the circuit employs capacitive coupling between the
input and output to achieve differential voltage swings of 3 V
in a 3.3-V system. It also exploits the high speed of bipolar
transistors to attain a sampling rate of 100 MHz with a power
dissipation of 10 mW. A prototype fabricated in a 1.5xm 12-GHz
digital bipolar technology exhibits harmonics 60 dB below the
fundamental with a 10-MHz sinusoidal input. The hold-mode
feedthrough is less than—60 dB and the droop rate is 100:V/ns.

I. INTRODUCTION

HE TREND toward implementing systems with low
Tsupply voltages has created challenging tasks in th
design of analog and mixed-signal circuits. Dynamic range
limitations have become more apparent in 3.3-V applications @
because neither the “turn-on” voltage of transistors nor the
magnitude of noise and offsets has scaled proportionally. In
particular, despite their high transconductance, the unscalahe
base-emitter voltage of bipolar devices has made their use
more difficult in low-voltage systems.

This paper introduces a low-voltage open-loop sample-and-
hold technique that is compatible with all-npn digital bipolar
technologies [1]. Isolating the dc levels of the input and output®
stages by means of the sampling capacitor, the sample-and-
hold amplifier (SHA) achieves differential voltage swings of
3 V with a 3.3-V supply. It also exploits the high speed of =
bipolar transistors to attain a sampling rate of 100 MHz while @) (b)
dissipating 10 mW. The SHA is intended for.u'se at the fror&tlg_ 2. Diode bridge sampler.
end of low-voltage high-speed analog-to-digital converters
(ADC's), especially multistep architectures with resolutions
on the order of 10 b. The proposed sampling technique mggsolutions of 10 b [2]. In this section, we consider two such
also prove useful in heterojunction bipolar technologies theircuits for low-voltage operation.
do not provide high-performance pnp devices. Shown in Fig. 1 in simplified form is an all-npn SHA topol-

In the next section of the paper, two conventional allgy proposed by Vorenkamgt al.[2]. This circuit consists of
npn SHA's are examined for low-voltage operation, and thei linearized unity-gain amplifief;—Q4 and clocked emitter
shortcomings are illustrated. In Section IlI, parallel and seriégllowers Qs—Q¢ operating as sampling switches. To calculate
sampling techniques are described and compared. The S#a minimum supply voltage, we note that typically > Irg
architecture and its implementation are presented in Secti@md when the circuit is in th&old mode, bothIgg and I
IV and design issues are detailed in Section V. Experimentan flow fromR3 (or Ry). Thus,Vee, min = Vees + (Ipe +

ig. 1. All-npn sampling circuit in [2].

CK

results are summarized in Section VI. Ip)R3s + Vep1 + Igpli + Vige. FOrRy = --- = R4y = R,
VBE ~ 0.8 V, IEER = IFR =05 V, VOE,min =05 V,
[l. CONVENTIONAL ALL-NPN SHA'’S andVigp = 0.5V, we obtainVoe, min = 3.3 V. In practice,

High-speed sample-and-hold amplifiers in all-npn technol@ghen designed for 10-b linearity, the circuit accommodates a
gies have achieved sampling rates in excess of 100 MHz withV differential input swing with a 5-V supply [2].
_ _ , _ Fig. 2(a) depicts a sample-and-hold topology employing a
Manuscript received December 20, 1994, revised April 11, 1995. . . .
The author is with the AT&T Bell Laboratories, Holmdel, NJ 07733 USA.dIOde b”dge and hold mode clamp devices [3] To calculate
IEEE Log Number 9412409. the minimum supply voltage, the circuit can be simplified as
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Fig. 3. Sampling techniques. (a) With parallel capacitor. (b) With seri@g' 4. Effect of parasitic capacitance in series-capacitor scheme.

capacitor.

shown in Fig. 2(b), yieldind/cc, min = 3.1 V with the same
assumptions as above.

The circuits in Figs. 1 and 2 exemplify the difficulties in
scaling the supply voltage of bipolar SHA's, indicating the
need for low-voltage sampling techniques.

Ill. PARALLEL AND SERIES SAMPLING TECHNIQUES

Sampling techniques can be broadly classified as depicted
in Fig. 3. In the circuit of Fig. 3(a), the sampling capaci-
tor is in parallel with the signal and the input and output
are dc-coupled. This technique offers limited flexibility in
low-voltage design because consecutive stages must provide

opposite common-mode level shifts so as to provide reasonable _
voltage swings. Fig. 5. Conceptual block diagram of SHA.

In the circuit of Fig. 3(b), the sampling capacitotifisseries . . L : -
with the signal [3], thereby isolating the common-mode IeV?J‘xSonlmeanty must be minimized by makingy sufficiently

. . o arger thanCpy-.
of the input and th? output. Here, Eiurmg the acgwsmon MOU€:The SHA architecture to be described is based on the
Ss is on, connecting nod&” to Vee, and Ss is also on,

allowing nodeX to track the input. In the transition to the holdfserlles-cap;a?tor st(;he;ne', Wk')t.h tlhe E’”Tlar% challenge being the
mode, first nodeY” is released fronVgoe and subsequently implementation ol>1=03 In bipolar technology.

node X is shorted to ground, producing a voltageangeat
the output equal to the instantaneous value of the input.

In addition to isolated input and output common-mode As mentioned in the introduction, the sample-and-hold
levels, the circuit of Fig. 3(b) has another advantage over itgcuit is intended for use in ADC’s. Such an environment
counterpart in Fig. 3(a). While the parallel-capacitor schentmas two properties that relax the SHA design in comparison
suffers from input-dependent charge injection due &g with a stand-alone sampling circuit: 1) the ADC digitizes only
the series-capacitor technique does not exhibit such behavtoe held levels at the SHA output, allowing the acquisition
becauseS, turns off beforeSs, thus injecting a constant chargebehavior to be chosen somewhat arbitrarily; 2) the SHA need
ontoY. not drive a 50Q resistive load, although it must provide

Another point of contrast between the two sampling teclenough drive for the input capacitance of the converter.
nigues lies in their hold-mode feedthrough behavior. In the A conceptual block diagram of the SHA is shown in Fig. 5.
parallel-capacitor configuratior;y forms an attenuator with It employs two channels in a quasidifferential architecture to
the feedthrough capacitances of the sampling switch, wher@agrove the overall linearity, minimize the effect of common-
in the series-capacitor topologyiy has little effect on the mode pedestal and noise, and lower the effective droop rate.
feedthrough signal. This point is especially critical in bipolaEach channel consists of an input buffg,,, a sampling
sampling circuits because the junction capacitances of bipotapacitorCy, and an output buffeB,,:. SwitchesS; and
devices conduct appreciably. S connect nodes(/ and N to fixed voltagesVg; and Vo,

It is also important to note that the series sampling schemespectively. The input buffer is designed such that it is
is susceptible to any capacitance seen from idde ground. disabled whenS; is on, thus operating aSs in Fig. 3(b).
Resulting from the fact that” is not a virtual ground, this This point is clarified below.
effect manifests itself when the voltage change at the input isin contrast with the fully differential circuit of Fig. 1,
coupled to the output. As shown in Fig. 4, the voltage divisioine proposed SHA incorporates two independent channels.
betweenCpy and the parasitic capacitanc@py introduces Nevertheless, if the two channels are laid out symmetrically
gain error and, ifCpy is voltage-dependent, nonlinearity.and in close proximity, they benefit from the same advantages
While gain error can be corrected elsewhere in the system, tieethe fully differential case.

=
Yg

IV. SHA ARCHITECTURE AND IMPLEMENTATION
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Fig. 7. Implementation of one channel.
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Fig. 6. Operation of SHA. (a) Acquisition mode. (b) Hold mode.

The operation of the circuit can be explained with the aid of Ry
Fig. 6. In the acquisition mode (Fig. 6(ap; is off and.Sy is 1. Pl a iy s W~
on, holding nodeN at Vz,. Thus, if the offset and gain error S 2 g, ot

1L >J
of B;, are neglected, theW,; = V;,. In the transition to the M o N JQ‘

A
¥
D
KW
>

Vout

hold mode (Fig. 6(b))S2 turns off andS; turns on, pulling - . K
node M to Vp; and disabling the input buffer at the same AP as Qﬁ ﬁ
\J

time. The change i, is therefore equal t&’'s; — V;,,. This
change is coupled to nod¥, forcing V to go from Vg, to
VB1+Ve2—Vi,. We see that the sampling operation inverts the ®)
input voltage and shifts it b¥’z, + V2. The level shift can be _ _ -

. . ._Fig. 8. Operation of one channel. (a) Acquisition mode. (b) Hold mode.
chosen so as to maximize the input and output voltage swmgé’.

The circuit implementation of one channel is shown in shown in Fig. 9 are the simulated input/output waveforms
Fig. 7. In correspondence with Fig. 5, we note that emittgf the circuit. The input differential sinewave is 3p¥ at
follower @, operates a#;,,, Q2 as1, Q3 asSy, and emitter 10 MHz and the clock frequency is 100 MHz. The output of
follower @4 as B,y The circuit is in the acquisition modeeach channel is depicted at the bottom. Note that in the acqui-
whenCK is high and in the hold mode whefiK is low. sition mode, the output is reset to a fixed value; thus, the acqui-

We illustrate the circuit's operation using Fig. 8. In th&ition behavior is not observable at the output. This is a fun-
acquisition mode (Fig. 8(a))2s is on, drawing current from gamental property of sampling circuits with series capacitors.

R, such thatVp ~ —2 V. Thus,Q; is off and@, ison if Vi, simulations predict 10-b acquisition and hold settling times

tion 1). During this modeQ)¢ is also on, allowing)3 to clamp

Vee

nod.eN at'—.(VDl + Vgs) = —2Vpg. (The voltgge across V. DESIGN ISSUES
R is negligible.) The small currertx lowers the impedance i . , : . .
of D; and hence the inductive component seeiVat While the series sampling technique easily lends itself to

In the transition to the hold mod€); and Qg turn off and f'ill-npn implementation, it nevertheless en_tails two in"_lportz_int
O turns on. Consequentlp rises to the ground potential, ISSUES: hold-mode feedthrough and capacitance nonlinearity.
pulling node M high and turning@, off if V;,, remains less
than zero by a few hundred millivolts (Condition 2). Algg, A Hold-Mode Feedthrough
draws current fromRs, turning off Q3 rapidly. In the circuit of Fig. 7,Q; is off in the hold mode but

From Conditions 1 and 2, we note that each channel cds base-emitter junction capacitance introduces significant
accommodate input/output swings of approximately 1.5 VWeedthrough (Fig. 10). In this mod&,y is in series with
thus providing an overall differential full scale of 3 V with@, and hence does not attenuate the feedthrough signal.
a 3.3-V supply. Nevertheless, sincé&}, is on, it provides a relatively low
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Fig. 9. Simulated input and output waveforms of the SHA.
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Fig. 10. Feedthrough in the hold mode.

impedance from\/ to ground, forming a high-pass filter withdenoted byC'i p in Fig. 10, further suppresses the feedthrough
Cj1. For Ri /(B + 1) =~ 809, 1/gm2 = 50Q,C;; = 20 fF, signal.
and frequencies less than 100 MHz, the feedthrough transfer

function can be approximated as B. Capacitance Nonlinearity
Ry 1 As explained in Section Ill, sampling circuits that employ
H(s) ~ (m + ;) Ci1s. (1) the series technique of Fig. 3(b) are susceptible to the nonlin-

earity of any parasitic capacitance seen at the floating output
For a sinusoidal input at 50 MHZH (jw)| ~ 8.2 x 10~* ~ node. In the circuit of Fig. 7, the capacitance loading natle
—62 dB. The bottom plate parasitic capacitance @f, originates from collector-base and collector-substrate junctions
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Fig. 12. Measured output in the time domain.

of Qg, base-emitter junction af3, and base-collector junction
of 4. The voltage-dependence of this capacitance results il
harmonic distortion, thereby imposing a lower limit on the
value of C'y for a given precision. The analysis presented in |
the Appendix and simulations indicate that the quasidifferen-
tial architecture suppresses the second harmonic. Therefore, (b)

the third harmonic is the dominant component. Wity = Fig. 14. Output spectra for 10-MHz and 49-MHz inputs.

0.5 pF, the total harmonic distortion remains belews dB.  oyiput has been examined in the frequency domain to assess
the circuit’'s dynamic performance.

Shown in Fig. 13 is the setup used for the frequency domain

The sample-and-hold circuit has been fabricated in gin5- measurement. A filtered sinewave is split into differential
12-GHz digital bipolar technology [4]. Fig. 11 is a photograpkignals and applied to the circuit. The SHA outputs are fed to a
of the die, whose active area measures 300 x 360 um. power combiner driving a spectrum analyzer. It is important to
All tests are performed with a 3-V supply while each channebte that in this test, the entire output waveform is analyzed in
dissipates 5 mW. the frequency domain, whereas in an ADC environment only

Fig. 12 depicts the measured output of each channelthé held values of the output are of interest. Since the wave-
a sampling rate of 100 MHz. The sinusoidal input has farm exhibits slewing at both the beginning and the end of the
differential swing of 3 V and a frequency of 10 MHz. Sincéold mode, this test overestimates the harmonic distortion.
the circuit cannot drive a 50 load, accurate measurement Fig. 14 shows the output spectra at 100-MHz sampling rate.
of the hold settling time has not been possible. Instead, the Fig. 14(a), the analog input sinewave is at 10 MHz and

VI. EXPERIMENTAL RESULTS
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{ TABLE |

vout —/V\JY\/W\/\M—— SHA CHARACTERISTICS
Feedthrough Sampling Rate 100 MHz
t Harmonic Distortion -60dB @ 10 MHz
Fig. 16. Timing diagram for measurement of hold mode parameters. Feedthrough -60dB @ 50 MHz
Droop 100 pV/nsec

the harmonic components are approximately 60 dB below the

fundamental. In Fig. 14(b), the analog input is at 49 MHz and Voltage Swing 3V
appears along with the aliased component at 51 MHz. Here, Pedestal emv
the second harmonic is at 98 MHz and about 53 dB below Power Dissipation 10 mW
the fundamental. Supply 3V
Plotted in Fig. 15 is the measured harmonic distortion as Technology 12-GHz Bipolar

a function of the analog input frequency with a 100-MHz
sampling rate. Most of the degradation near the Nyquist rate is . o . .
attributed to slewing at the beginning and the end of the hold The feedthrough behavior of the circuit is depicted in
mode. It is expected that if only the held values are consider&dd- 18 For @ 100-MHz, 3-V sinusoidal input, the feedthrough
higher linearity will be obtained [5]. suppression is better than 60 dB. We also note that in the

To evaluate the hold mode parameters, the timing arrang'a&quis_ition mode thg _oufcput experiences some \./ariation.. This
ment shown in Fig. 16 is used. With a dc input, both th ffegt IS dug to Fhe fmﬁe |mped§mce O.f the glampmg tra}n5|s_tor,
pedestal and the droop rate can be measured. To observeth n the circuit of Fig. 7, but it has little significance in this

. L . . ication.
feedthrough, a full-scale high-frequency sine input is appheaﬁ)_f_’able | summarizes the performance of the circuit.
and a low sampling rate is used so that several cycles of the
feedthrough signal appear at the output.

Fig. 17 shows the output of each channel (the top two VII. CONCLUSION
waveforms) along with the difference between the two. The The series-capacitor sampling technique proves useful in
common-mode (single-ended) droop is approximately 5 mV/i@wv-voltage applications. While isolating the dc levels of the
while the differential droop is only 10@V/ns. The differential input and output, this topology lends itself to implementation
pedestal error is about 6 mV. in all-npn bipolar technologies.
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Ve If «; and oy are not zero but sufficiently small, then we can
assume that,,,;; is still close to that given by (4) and hence
can be substituted as such in the second- and third-order terms

+v°ut_ of (3). In other words,
: c * : —(CH + Co)Vour1 = —Cu(Vp1 + VB2 — Vin1)

Vint P Vout1 Voutz |n2 2

- VB1 _ - VB1 - n 1 w:C Cu(Ve1+ VB2 — Vin1) + CoVpa

[ . o o . ] 10 Cyg + Cy
Fig. 19. Simplified quasidifferential sampling circuit. 1 CH(VBl + Vgo — Vinl) + CoVpa 3

+ 5 @20
3 Cu+ Co
A quasidifferential sample-and-hold amplifier based on the — f(VBa). (5)

series sampling scheme has been described that achieves a

sampling rate of 100 MHz while dissipating 10 mW from a For V;,,1 = A cos wt, the second and third harmonics in
3-V supply. The circuit accommodates differential input/outpdfou:1 Can be easily calculated. In quasidifferential operation,
swings of 3 V and exhibits more than 60 dB attenuation of tHén2 = —Vin1 and Vour = Vours — Vousz. It follows from (5)
hold-mode feedthrough signal. The output harmonic distortidhat if Co < Cp, then

is about—60 dB for an analog input frequency of 10 MHz. 9
Vout &= —2A cos wt + 302 %A3 cos® wt. (6)

H
APPENDIX ) ) ) )
HARMONIC DISTORTION IN SERIES SAMPLING Thus, the magmtude of the third harmonic normalized to the
. . : _ o fundamental is
Consider the quasidifferential sampling circuit in Fig. 19. o
The voltage-dependence of the parasitic capacitéheatro- HD; =~ @2 20 p2 @)

duces harmonic distortion in the output waveform. Assuming 12 Cx
sinusoidal inputs an@p(V) = Cp + a1CoV + a2CyV?2, we  Simulations indicate that (7) predicts the distortion with a few
can estimate the harmonic componentsVify:1, Vou2, and dB of error.
Vout- We note that in the implementation of Fig. 7, other sources
Let us first analyze the left part of the circuit. When thef distortion exist in the tracking mode. The finite bias currents
SHA enters the hold mode, the voltage acr6ss goes from of @; and@s; impose an upper bound on the input slew rate
Vin1 — VB2 10 V1 — Vi1, While that acrossUp changes for a given distortion. The analysis is similar to that in [2].
from Vo to V, 1. Thus,

Vi1 —Vour Vourt REFERENCES
CydV = Co + a1CV + aCoV?) dV,
/Vm —Via H Viga ( 0 10 z~0 ) ’ [1] B. Razavi, “A 100-MHz 10-mW all-NPN sample-and-hold circuit with
) ; 2) 3-V supply,” in Proc. European Solid-State Circuits ConBept. 1994,
; ; pp. 192-195.
which ylelds [2] P. Vorenkamp and J. P. M. Verdaasdonk, “Fully bipolar, 120-
CH(VBI —Vour1 — Vi1 + VBQ) _ Msample/sec 10-b track-and-hold circuitEEE J. Solid-State Circuits,
ou mn

vol. 27, pp. 987-992, July 1992.

CoVour1 +5 Loy CoV2 at s a200 o — f(Ve2), (3) [3] B. Razavi,Principles of Data Conversion System DesigiRiscataway,
o o NJ: IEEE Press, 1995.

where f(V, = .V, a10a V2. /2 + asCo V3. /3. While [4] K. G. Moerschelet al., “BEST: A BiCMOS-compatible super-self-
where f(Vp2) = CoVp2 + 01Co 52/ + 02CoVi55/3. aligned ECL technology,” ifProc. CICC, May 1990, pp. 18.3.1-18.3.4.
it is desirable to solve (3) such the,, is expressed interms [s) k. poulton, J. S. Kang, and J. J. Corcoran, “A 2 Gs/s HBT sample and

of Vi1, the third order of the equation makes this approach hold,” in Proc. IEEE GaAs IC Symp1988, pp. 199-202.
difficult. We therefore apply an approximation as follows.
Supposex; = as = 0; then

Cg(V Vo =V, CyV;
H( BL Y VB2 ""1) +Co B2 (4) Behzad Razavi(S'87-M'91), for a photograph and biography, see p. 109 of

‘/outl =
Cug+Co the February 1995 issue of thiSURNAL.




