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Abstract: A novel charge exchanging compensation (CEC) technique is proposed for a wideband sample-and-hold (S/H)

circuit applied in an IF sampling ADC. The CEC technique compensates the sampling bandwidth by eliminating the impact

from finite on-resistance of the sampling switch,and avoids increasing clock feedthrough and charge injection. Meanwhile,

a low power two stage OTA with a class AB output stage is designed to provide the S/H a 3Vp-p input range under 1. 8V

power. The S/H achieves a 94dB spurious-free dynamic range for a 200MHz input signal at a 100Ms/s sample rate and

consumes only 26mW with a 5. 5pF load.
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1 Introduction

Direct IF sampling for wireless communication
places resolution,
speed, and spurious-free dynamic range (SFDR) of
ADCs"" . To achieve and preserve the high perform-
ance for high input frequency, a wideband sample-

and-hold (S/H) front end is necessary, which elimi-

stringent requirements on the

nates the aperture error and eases the sampling of the
following stages.

Early works on wideband sampling concentrated
mainly on improving the input switch. Techniques in-
cluding bootstrapping'**
bottom plate sampling,and feedthrough cancelation"

, bulk effect compensation,
4]

have lowered the switch on-resistance and reduced the
effect of switch non-idealities. Consequently, the bot-
tleneck has shifted to the sampling switch. For high-

accuracy wide-band sampling, simple CMOS sampling
3.5.6]

switches* can hardly meet the low on-resistance
Clock-boosting''***) and capacitance
coupling'® are used to reduce the on-resistance. How-
ever,the increased gate voltage and size of the sam-
pling switch introduce great clock feedthrough and
charge injection,which limits the SFDR of the S/H.
In this paper, the limitation from the sampling
switch is eliminated by adopting a novel charge ex-
changing compensation (CEC) that cancels the effect
from the finite on-resistance of the sampling switch

requirement.

and suppresses the switch non-idealities. On the other
hand, we design a high-swing power-efficient two
stage OTA to guarantee the holding accuracy. At a
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100Ms/s sample rate, the S/H achieves over 94dB
SFDR with the input frequency up to 200MHz. Driv-
ing a 5. 5pF load, the whole circuit consumes only
26mW under 1. 8V power.

2 Circuit architecture

A flip-around S/H structure,shown in Fig. 1,was
adopted for its advantages in power, capacitor area,
and noise'” . Non-overlapped clocks CK1D and CK2D
control the sampling phase and holding phase,respec-
tively. CK1 drops in advance of CK1D for bottom
plate sampling.

The gain of the S/H is provided by a two stage
OTA. With a class AB output stage,the OTA provides
a large output swing to achieve a 3Vp-p differential
input range under a 1. 8V supply.

A bootstrapped nMOS switch similar to the struc-
ture in Ref.[3] is used as the input switch Si. It pro-
vides a very low and almost constant on-resistance for
wideband sampling. The output switch Sl was also

St
O
CK2D
|28 Si C, Nes
P aYh e
ckid A N CKf]?j
Input SsR FEq | [Two stag S *®
switch CK1 OT. :\CélD y
CK1D -
A SN Y CK2D.!
Si  Sampling, S
switch &5y
St
Fig.1 Flip-around S/H architecture
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Fig.2 Sampling switch schemes (a) CMOS switch;(b) Large

nMOS switch with boosted clock; (¢) Proposed sampling switch

bootstrapped to keep the charging path to the load C,.
expedient despite the large output swing. A small
bootstrapped switch with fast turn on/off speed was
used as the feedback switch Sf. The sampling switch
Ss is designed with boosted clock and a CEC network,
which will be introduced below.

3 Sampling switch with CEC

For high input frequency, the sampling linearity
of the S/H circuit is dependent mainly on the band-
width of the sampling network consisting of Si, C;,
and Ss'”'. With bootstrapped gate voltage and large
size, Si normally has very low on-resistance, which
shifts the bottleneck of the bandwidth to the sampling
switch Ss.

Conventionally, a CMOS switch, as shown in
Fig. 2 (a),is used for Ss. Since A and B (input nodes
of the amplifier) are usually floating nodes around
half of VDD, the limited gate-source voltage of the
CMOS switch can hardly provide a very low on-resist-
ance to maintain high SFDR under high input fre-
quency”* . Even worse, the floating CMOS switch
may be unworkable under low supply voltage® . A
nMOS switch with a boosted clock and a large size,as
shown in Fig. 2 (b),can reduce the on-resistance. But
great clock feedthrough is introduced, which will
cause differential error to nodes A and B due to the
mismatch between the paths. In this work,as shown in
Fig. 2 (¢),the size of the nMOS switch M1 is limited
for a minimal feedthrough, and the resulting band-
width reduction is compensated by the CEC network.

The CEC network consists of two error sampling
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Fig.3
exchanging; (¢) Holding phase

CEC compensation (a) Sampling phase; (b) Charge

capacitors C,,, C.,, and their respective exchanging
switches Sel~Se4. The compensation is accomplished
by exchanging the charge sampled by C., and C. .
which is explained below.

Single side circuits of the sampling and holding
phase are shown in Fig. 3 (a) ~ (c),where C. repre-
sents either C., or C., in one side. When high fre-
quency input signal V; is sampled by the low pass sam-
pling network,it will attenuate to V,’ across C,. The
error voltage will be distributed on Si and Ss (with
on-resistance of R; and R,) as V.;and V... C. is used
to sample the error voltage V.. The charge sampled
by C; and C. is given below:

0.(s) = 1 . C.
1+ S<Ri TR sRSCe>Cs
SR, C, (D
0.(s) = 1+ sRSCcl C.
1+s(Ri+Rsm)cs

By returning Q. to C,,the error from the sam-
pling switch will be compensated, which is done dur-
ing the holding phase. Before this step,the polarity of
Q. should be reversed,since the top plate of C, stores
negative charge against Q.. This reversal is achieved
by exchanging the connection of C, and C,, with Sel
~Se4,as shown in Fig. 3 (b).
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Once the holding phase starts, C; and C. form the
charge redistribution structure shown in Fig. 3. The
error charge Q. is squeezed from C. and transferred
to C,.The final compensated sampled voltage is:
1+ s X2R,C,

Vils)= s"RiR,C;Co+s(R,C;+R,C.+R;Cy)+1

Vi(s)

(2)
With the assumption R, > R;,the poles and zero of
the transfer function of V, can be concluded as fol-
lows and the transfer curve is drawn in Fig. 4.
1 _C,+C, 1
R.(C,+ Co’'P* 7 RCc.Cc.”® T 2R.C.
The compensation result depends on the ratio k = C,./
C..When k<1,increasing k will move z towards p, .
which will flatten the band. When k =1, p; can be
completely canceled by z.,and a perfect compensation
is achieved. The bandwidth will thus be increased by
2(R;+ R /R;.However,if k >1,peaking will occur
due to the advancement of z,which will increase dis-

P = (3)

tortion again. The transfer curves with different val-
ues of k are simulated in MATLAB as shown in
Fig.5. The greatest bandwidth
achieved when k is around 1. However,it is also eco-

improvement s
nomical to shift k towards 0.5, which will save area
and power at the cost of a small bandwidth lost.

The above analysis neglects the effect of the on-
resistance of Sel ~Se4, which may cause attenuation
in error sampling. However, since the amplitude of
V.. 1s much smaller than V,, the on-resistance re-
quirement for Sel ~Se4 is relaxed. With small sizes,
the charge injection and clock feedthrough introduced
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Fig.5 Input bandwidth versus C.
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Fig.6 Mismatch of clock feedthrough to A and B

by Sel~Se4 are not obvious. Moreover, the injection/
feedthrough will be cancelled by their complementary
switching sequence.

Besides the finite R;,the clock feedthrough of Ss
is also a major error source. As depicted in Fig. 6,the
clock drop is coupled to A and B through the parasitic
capacitor C,. Since on-resistance (R;, R;’) and the
junction capacitors ( Cgs Cay”) of the input switch
depend on the input voltage V,;, due to the bulk
effect, there is an impedance mismatch between the
two feedthrough paths. This will cause a feedthrough
mismatch Vi .. between A and B.

_ (s"R{CiAcasi + AR Cy)
(sRi(Cgy + Cp) + 1)?

C;
c:

V{,mis(S) = X Vck(s)

€]
where A = Ri" = RisAcai = Cavi — Cai - The equation
shows that the effect from C, is greater than that
from V. ,since Vi . is proportional to C%. Thus, to
lower the on-resistance,it is preferable to increase the
clock voltage V. rather than to enlarge the switch
size. Consequently,in this work,Ss has a boosted clock
and reduced size. In addition,as in Fig. 2(¢),a pMOS
switch M2 is adopted to introduce a negative clock
edge to compensate partially the clock feedthrough
mismatch. Two small nMOS switches M3 and M4 help
A and B recover to the desired common mode voltage
Vemi -

4 OTA design

The structure of the adopted two-stage OTA is
shown in Fig. 7. The first stage of the OTA is based on
a gain-boosted telescopic structure, which provides
about 90dB voltage gain for the OTA. The output
stage is based on a Class AB structure. With the tran-
sistors biased near the weak inversion region,the out-
put stage can achieve 1.5V swing under a 1. 8V sup-
ply.which guarantees a 3Vp-p input range for the S/
H. For KT/C noise consideration,having a large input
range allows the use of smaller capacitors in the
whole ADC (50% smaller compared with 2Vp-p),
which in turn reduce the power. On the other hand,
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Fig.7 Two stage OTA with class AB output stage

two transistors contribute to the gy of the output
stage rather than the one in Class A mode, which
leads to a current reduction about 40% .

A switched-capacitor level shifter (SC-LVS) is
adopted to connect the output of the first stage and
the nMOS input of the second stage™ . Two switched
capacitor common mode feed back (SC-CMFB) cir-
cuits are used to stabilize the output common mode
voltage of stagel and stageZ.

A simplified replica-tail feedback bias (RTFB)™-
is adopted to keep the tail current immune to the input
common mode voltage variation. Otherwise, the gain of
the OTA will change with the tail current, causing non-
linearity to the differential output.

Since the adoption of CEC lowers the feedback
factor,the gy of the first stage needs to be increased
to maintain a closed loop bandwidth equal to the case
without CEC. However, the gy of the second stage
needs no increment, since the position of non-domi-
nant pole in the second stage is required by the closed
loop bandwidth and phase margin, which is un-
changed. Thus,the power used for the CEC is not ob-
vious. The simulated performance of the OTA is sum-
marized in Table 1.

5 Simulation results

The S/H circuit (Fig. 1) is designed in an SMIC
0.18pm process and simulated with HSPICE. The re-
sults given below are for the slowest cases. In Fig. 8,
the simulated CEC course with full compensation
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Fig.8 Simulated CEC course under a 198MHz 3Vp-p input
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Table 1 OTA performance
Load capacitor 5. 5pF
Output swing 1.5Vp-p
DC gain 115dB
Close loop BW 830MHz
Close loop PM 74"
Settling time 3. 3ns (0. 1%o0 accuracy)

Fig.9

Input frequency/MHz

Spectrum of a 198MHz 3Vp-p input at 100Ms/s
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111dB —-o— With CEC
110 —— Without CEC CEC No CEC
as]
5100 Process 0. 18ym
% Supply voltage 1.8V
90 ;
&% Sample rate 100Ms/s
80 Input range 3Vp-p
70 L L L L L L Power 26mwW 24mW
0 50 100 150 200 250 300 350 -
Input frequency/MHz SFDR @ 48MHz 111dB 100dB
SFDR @ 198MHz 94dB 85dB

Fig.10 SFDR performance of the proposed S/H
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Fig.11 SFDR versus input amplitude f;, = 48MHz@100Ms/s

(taking C./C,=1) is shown. During the sampling
phase,a 198MHz 3Vp-p input causes a voltage error
V... across the OTA input node (V,, V) with a max-
imum amplitude of 26mV, which is sampled by the
CEC capacitor as V,’, Vy’. During the holding
phase,the error is returned to the differential output.
The compensated result is compared with the case
with an ideal sampling switch (R,, = 0.5Q) and the
case without CEC (C. =0). The sampling error is re-
duced from 25.5mV to only 0. 3mV with the aid of
CEC.

Figure 9
198MHz input signal under a 100Ms/s sampling rate.
with the SFDR of 94dB. Figure 10 shows a perform-
ance comparison between the cases with the CEC add-
ed or removed. The SFDR is improved by about 10dB
by the CEC in the zone from 50 to 200MHz. For the
90dB SFDR level, the CEC extends the sampling
bandwidth from 100 to over 200MHz. For even higher
frequency,the S/H achieves 80dB for a 300MHz in-
put.

shows the output spectrum for a

Figure 11 shows the SFDR performance versus
input amplitude with 48MHz input and a 100Ms/s
sampling rate. The circuit can achieve 99dB SFDR
even when the input range reaches 3.2Vp-p. The
whole circuit consumes 26mW under a 1. 8V power

supply. A performance summary of the S/H circuit is
shown in Table 2

6 Conclusion

In this paper,a novel CEC technique that extends
the sampling bandwidth by compensating the finite
on-resistance of the sampling switch is presented and
analyzed. Meanwhile,a two stage OTA with class AB
output is designed to provide the S/H a wide input
range. Working at a 100Ms/s sampling rate, the S/H
achieves very good linearity within a 200MHz input
bandwidth and consumes only 26mW power.
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