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Improved Two-Step Clock-Feedthrough Compensation
Technique for Switched-Current Circuits
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Abstract—A new clock-feedthrough compensation scheme for switched- M
current circuits is proposed. The scheme is especially suited for the design CM_:_ M
of delay lines for high-frequency operation. The circuit operates by using -

an improved two-step technique, in which the input is sampled in a
parallel combination of a coarse and a fine memory transistor. Since both

transistors are of the same type, large switching transients compared to
the conventional $2I scheme can be avoided. Using the proposed circuit, o _/——\____/_
the coarse memory has considerably more time to settle. Compared to
the simple cell, the circuit solution requires only one extra switch and 92 _\—/—\_

one additional clock phase.

Index Terms—Analog sampled-data circuits, charge injection, sam- Fig- 1. Second-generatiofi/ memory cell.

ple/hold, switched-current circuits.
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I. INTRODUCTION 2 ﬂ
o . o Conl = =FCe2
A major limitation in switched-current applications is clock |
feedthrough (CFT), which occurs when a switch transistor is C, M, Cya
connected to a holding capacitor. CFT is caused by carriers released gT _T

from the channel and from coupling of the clock through the gate-

diffusion-overlap capacitances of the switch. Due to the square-l&ig. 2. Gain-enhancement techniques applied to the basic memory cell.
characteristic of the memory MOS transistor, every signal-dependent
error voltage on the gate produces both a signal-dependent offset and
harmonic distortion of the output current. Besides the well-known Il. CFT AnaLysis

dummy switch compensation or the addition of extra gate—sourcelt is known [8] that the charge injected through the MOS switch
capacitances (physical enlargement or Miller-type techniques [1P,in Fig. 1 introduces an error on the memory capacitafige of

a number of suggestions have been presented to solve the @Fg memory transistor which can be given as

problem. In general, they propose the cancellation of only the signal-

dependent part of the CFT [2], [3], both parts [4], or a reductiony, . _ [6(Vir = Vigs = Vars) LsCox + (Vit = Vi) Lovs Cox]Ws -

to some extent, by using, e.g., algorithmic [5], two-step [6], or War Ly Cox

differential structures [7], [8]. Thus, they basically rely on transistor (1)
mismatch, on a repeated sampling of the input current and/or the

CFT error itself, or on differential techniques. In (1), V& denotes the high clock amplitude applied to the switch,

In the work presented here, we will describe a modified twd< is the gate—source voltage of the memory transidfas, Ws Ls
step clock-feedthrough compensation circuit based on-amemory is the area, and’rs the threshold voltage of the switch. A fraction
transistor-only approach. A comparison of experimental data frofmof the switch charge flows int6y;, depending on the load at each
different compensation circuits, all integrated in aquii- CMOS side of the switch. A second contribution to the CFT error results
process, will show that the performance of the conventicstl  from the gate—source-overlap capacitaitgs of the switch.
scheme [6] can be improved. Another source of CFT error appears in the switch-off state (when
The paper first presents a basic review of the CFT problemy; is off) due to transients on the drain of the core transistor
This is given in Section Il. The modified memory cell is introduced?,; in Fig. 1) via capacitive feedback t6'y,. Using the simple
in Section Ill, and the noise behavior is analyzed in Section Némall-signal model of the transistor, includidys, C4s, andC,, for
Measurement results and a summary are given in Sections V ahd gate-source, drain—source and Miller capacitance, respectively
VI, respectively. (Fig. 2), it can be shown that a stepV applied at the drain of
the core transistor introduces an error voltage at the gate of the
corresponding transistor which can be expressed as
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gain of the cascode transistor and the additional g#inof the
feedbackloop [9]. The output resistance of a cascoded transistor can

Vi

then be calculated as o, ””—' My 0y

, J .

L 1

Tout = 72 + 71[1 + gmar2(1 + £b)] () STt sL o
i U
. . . . b1 Se S (o

wherer; is the small-signal output resistance angd is the transcon- C_| g Mo M ! |— !
ductance of transistodd; (i = 1,2). As a side effect of this gain- M Me M
enhancement technique, not only is the input-to-output conductance - e I —
ratio significantly improved, but also the Miller capacitance of Coarse Memory ¢ Finec Mcmory f

the core transistor can be reduced by the fagtern /(gm=fs)-

This lowers the error introduced through, and the apparent 0 _/—\—/_

capacitance seen at the gateMf significantly, especially for cases
with large feedback factors. Using (3), it can be shown that the q’lv_/_—\___/_
drain—source capacitances &f; and M- are reduced by the factor o, —\—/——\_
9as2 [(Gm1 fo) andgasi /(gm2 fs ), respectively, which further reduces

capacitive coupling. Although, as shown, a reduction of the capacitigg; 3 improveds27 circuit with clock diagram.

feedthrough error from (2), is possible, a good design should, in

terms of speed, keep the transients between the memory and the bias

transistor as small as possible. where J is the bias current flowing through/,i.. and g..; is the
transconductance of the transistot € [f, ¢]. The coarse memorizing
is now completed, and after openirfi}, a signal-dependent error

The basicS2I cell . ted by Hughest al N t currentéi, resulting from charge injection of the switch, is added to
e pasic cell was invented by Hiug a. as a Wo-S€P ihe grain-source current df.. Thus,

method of compensating for clock feedthrough in switched-current
circuits [6]. It uses not only the primary memory transis{dd I.=(J+ iin)L + 6i. (6)

in Fig. 1), but also the current source transisitds;,s such that the Gme + Gy

biasing transistor acts as a current source in a first step, and as an err8ince ¢; is small and the drain holds its voltage valumly a
compensation in a second step. Since the scheme needs to swstohll transient occurs afteg.. During the remaining time period
between the n- and p-channel memory, transients occurring at the' the coarse memory operates as a current sink, demanding the
drains of the appropriate transistors are difficult to handle, even withrrent previously sampled, i.e., (6), and the fine memory, still diode
the gain-enhancement techniques mentioned above. Several attemmtsiected, delivers current as required to fulfill Kirchhoff's current
at multistep CFT cancellation using only n- or p-type transistors &y at the summing node. Because the input current is still being
memories have been reported. They range from algorithmic memaampled, the only current change in the fine memory will be the CFT
cells, which use two auxiliary cells and a six-phase clocking schemart introduced by the coarse memory. Thiis,is given by

[5] for operation in a CFT-measure and input-sample mode, to the i Gmef
S™1T cell [10], which proposes an-fold sampling of the CFT error, Iy = (J +in)

and use2n additional clock phases. These methods lead to clock ) ) o
Quring phase¢., switch S, is open, and a small errod: is

complexity, and to a large sampling time reduction in the coars . X ) R .
memory. In addition, large transients on the drain side of the memdfjroduced into the fine memory, again due to charge injection. Since
e switch area of the fine memory is close to the minimum transistor

cell may be involved when switching from the n- to the p-memorg}_1 - - . S -
cell. This results in errors as given in (2). Size, this secondary error curreftt < §¢, and the injection error is

In what follows, we present an improved two-step clockconsiderably reduced. To give a rough estimate of the error reduction
feedthrough compensation for switched-current circuits. Thi3ereby obtained, the CFT currentrr can be approximated by

approach in large part compensates the error given in (1), agdT = 9mVorT, whereVerr is given by (1). To a first order, the
considerably reducedV in (2). CFT error voltage of the memory transistor is proportional to the ratio

The proposed circuit is shown in Fig. 3. The basic idea is to Spmf the switch and the corresponding memory transistor area [11], so

the memory transistor into a coarse and a fine memory using onlytfat the error current introduced by CFT is approximately reduced
channel transistors, and to use an additional input sampling phase by the ratio of the coarse to the fine memory transconductances.

The sample-and-hold (S/H) cell consists of a current source formEgPecially in high-frequency designs where, on the one hand, to
by Myias, a coarse and a fine memory transisbdf,;. and My, s achieve the desired speed a large transconductance is needed, and on

respectively, and the two switche and S;. The switches have the other hand, good settling behavior demands large switches, this

to be properly designed to assure that their corresponding memiggtor can easily be_more the_m ten. Additipnal capacitance (_:onnec_:ted
transistors have time to settle [8]; thus, the switch area of the coaf8¢ihe gate of the fine transistor results in a larger reduction using

transistor is larger than that 6. The operation is as follows. During Oy Small areas. The resulting error currei may be viewed as
phases:., the input current:, is sampled into the coarse and fineSignal dependent, but the dependency is reduced by the same amount

memory cells. During phase., the drain-source currenfs and as the overall error. It can be shown that by choosing the appropriate
I; are given by b ' transistor ratio, a tradeoff between a small, signal-dependent error

G versus an offset is imposed. This circuit can be combined with dummy
I.=(J+ iin)% (4) switch compensation techniques or even$fid approach. Since the
Jme T Jmf time to settle for the coarse memory is now longer than that of the

I1l. I MPROVED TwO-STEP COMPENSATION CIRCUIT

— — 1. 7
dme + gmf ( )

and
in a practical design, the switch-on time of the current steering transistor

Iy = (J +iin) _gmf (5) Sin is slightly longer than the switch-on time of the voltage sampling transistor
gme + gmy Sy. Nevertheless, in what follows, we will not distinguish between the two.
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Fig. 4. (a) Noninverting lossles$! integrator and (bp delay chain using

the modified two-step approach. Fig. 5. Memory cell in (a) the sampling phage., in (b) the sampling phase
¢1, and the corresponding noise-equivalent circuit for the phases, (cand
. L . . . ) (d) ¢1. The S, correspond to the power spectral densities of the bias source
Ol’lglnal CII’CUIt, a reduct|0n n the transistor pOWer Consumptlon @'71_]7 the coarse and fine memory transist@hs{, and Snf-, and the input
the area can also be achieved, while improving its transient behaviggnal S, ;, respectively.

Additional reduction of the CFT error can be achieved when using

extra compensation capac_itances at th_e gate of the fine memory _%58%1c shown in Fig. 5(a) and (c), we get the PSD of the voltage
As in the case for the basic cell, this similarly reduces the samplingise nrocess across the gate capacitor of the coarse transistor as

rate of the circuit. / ,
Using this memory cell in a simple second-generation integrator Spv, = Sus(w) + Suelw) + Snp(w) + Sui(w) ®)

configuration, the initial spread of the circuit will be enlarged. (gme + gms)? + w?(Cae + Cay)?
Fig. 4(a) shows the noninverting lossless integrator including ahere theS, (w) correspond to the power spectral densities of the
output scaling stage with factar. Thus, the spread will be the bias sources s, the coarse and fine memory transistSrs andsS, s,

ratio between the coarse and the fine memory transistor areas divig@d the input signa$..;, respectively. It has been shown that in the
by «. There is no spread enlargement if the two-step approachbasic SI memory cell, low-frequency noise is effectively removed
applied to the design of delay lines as in Fig. 4(b). This makesdte to the correlated double sampling process [8, Ch. 4]. The same
ideally suitable for the design of active-delayed blocks [12] in FIRolds for the modifiecbI memory cell. The variance?. of the stored

decimator structures [13]. noise current in the coarse memaW,;. can be computed as
In the following section, the noise behavior of the modified two- g oo
step memory cell is investigated. or. = ‘2’”” / Snve(w)dw
T Jo
2
IV. NoOISE ANALYSIS OF THE Two-STEP ST MEMORY CELL = Jme (Sns 4+ Sne+ Suy+ Sni) (9)

. . . A gme + gms)(Cac+ Cay)

The noise analysis of switched-current memory cells can be found o ) )
in [8, Chs. 4 and 5] and [1]. In this section, these analysis metho§g€re all of the PSD’s in (9) are assumed to be constant white noise.
are applied to the modified two-stefy memory cell following the After switching off ¢, the only remaining sampling transistor is
notation in [1]. MMf, and the correspor_ldlng n0|se-equ_|valent circuit is given in

In switched-current circuits, we must distinguish between thermi9- 5(P) and (d). The noise current previously stored in the coarse
and 1/f noise. The power spectral density function (PSD) is H'€MOMY7ic IS Now sampled_as an offset_ current in the flne memory.
common term used in the noise analysis of circuits. It expresses figsUMinggoc < g s, the noise contribution of the output impedance
ratio of the mean-squared noise current to the frequency inter/ai,transistorMurc can be neglected. Thus, the corresponding PSD
The PSD functions of the thermal arid'f noise, S; and Sy, are PrOCess over the gate—source capacitafigg of the fine memory

well known for MOS transistors. They are given in the literatur§a" Pe given as
as S = 8/3- (kTgm) and Si/; = (Kurgi)/(CoWLI|f]), s _
respectively, where: is Bolzmann's constant]’ is the absolute s
temperatureg,,, is the transconductance of the transistor with widt
W and lengthL, K, s is the flicker noise coefficient, and. is the
gate capacitance per unit area.

To take into account the influence of continuous-time noise to ol = g f (S 4 Snec+ Snp+ Sui) (11)
sampled current noise, we calculate the PSD of the noise voltage - ACay
across the gate capacitor of the memory transistor to obtain thimally, the stored noise currents and the noise offset introduced by
equivalent stored noise current. From the noise-equivalent circuit file coarse transistor sum up at the drain of the transistors, resulting

SnJ + Snrt + Snf + Sni
SI;Z,L/ + ""20'(2;‘/ ’

(10)

t}'his can be integrated to obtain the variancg of the stored noise
current in the fine memory/,;¢ as
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in the variancer2,,; of the noise current at the output of the sample- Range: 0 gBm Mkr 10 000 Hz
L 2 . R BW: 36 H
and-hold, wherer?,, = o7 ASWEPT SPECTRUM -62.55 dB
2 gmyf 8 - }
ag; = - _kT m + mto + Sni . 12
o= (2 54T 00 + 00) (12) e

If R is the ratio of the widths of the sum of the coarse and fine to
the fine memory transistors, i.eR = (W. + W;)/Wy, the ratios

of the transconductances and the gate—source capacitances can also
be expressed a®, i.e., R is equal t0lioi/Is,Ccior/Cayr, and
gmtot/gm . Thus, (12) simplifies to

U;'Ztot _ 2kTg72n,r,m, <1+ ImJ )+ Imtot S, (13) 100 ‘ i
3CGtor Gmitot 4CGtor Start: 0 Hz Stop: 50 000
which is equivalent to the result proposed by Guggdnlet al. [1]. )
Not surprisingly, since the fine memory transistor operates not orﬁ
at a lower current level, but also with lower gate—source capacitance,
and since the noise contribution of the coarse memory is treated

o

. 6. Output spectrum of circui§?1,,,q for 60% modulation, 10-kHz
ut frequency, 1-MHz clock frequency, and 3-V power supply.

as an offset, the total noise current at the output is similar to the b2r o simple (reference) -
noise current of the simple memory cell with equal transconductance 54— S21_orig

value? For the circuit proposed by Hughes al. [6], (13) holds for e $21 mod P
gmtot = gms aNd Caior = Cay, WhereCey is the gate-source 56| _ SI match

capacitance of the bias transistifi,i.s. If this is not the case, then
gmiot has to be replaced by..;, and vice versag..; by gmtot-
Likewise, exchang&’ o« and Ce .

THD+N [dB]

V. MEASUREMENT RESULTS

We have implemented and tested various clock-feedthrough com-
pensation circuits using the im SACMOS process [14]. For com-
parison purposes, a memory cell without CFT reduction techniques,
the original S*1 circuit, the modifiedS®I, and the compensation
scheme proposed in [4, set (d)] have been considered. The circuits
are denoted asSI_simple S2I_orig, S2I_mod and SI_match
respectively. To improve accuracy, regulated cascode current SOUIE@S7. THD 4 N versus the input current for different sample-and-holds.
and current mirrors were used (RGC [15]). The bias curtentas The measurements were taken for the circits simple (- - -), S27_orig
chosen to be 10QA, and the circuit was operated at a 3-V supply(--), S2I_mod(- - -), and SI_match(__), an input sampling frequency of
On-chip measurements of very small currents in the megahertz rageHz: and a clock frequency of 1 MHz.
with good resolution are difficult to carry out without relying on
transistor matching. Therefore, the ratio of the rms value of theterval for the main memory was enlarged considerably compared to
signal to the rms sum of all other spectral components withthat of the originally proposed cell. Fig. 6 shows the output spectrum
the measurement bandwidth, including distortion components, i.ef,a simple sample-and-hold cell for tt27_mod circuit for 60%

THD + N, has been chosen as a factor of merit. For a memonyodulation. The second harmonic is 62.5 dB below the fundamental,
transistor withi¥s /Ly = 150 pum/10 pm and a clock frequency of and the third is more than 72 dB below. A doubling of the sampling

1 MHz (tiise = tran = 1 ns), THD + N was measured for input frequency increases the distortion by about 2.5 dB. The measurements
currents between 20 and §0A at an input frequency of 10 kHz. were performed using a HP3588 spectrum analyzer.

Neglecting the input noise contribution in (13), the standard deviationOur measurement results are summarized for the different circuits
of the stored noise current of the circud_simple S21_orig, and in Fig. 7, where the dependencies of the THD N on the input
S2I_modcan be calculated With, 1ot = 0.6 MV/A, gmiot = gms, Signal current are shown. All measurement values are mean values for
and Cyetor = 2.3 PF aScious = 27NAS a sample of five chips, proving that the behavior is robust with respect

For the circuitSI_match the noise level is a factor of/2 lower to parameter variations. An HP 3561A dynamic signal analyzer was
than that of the others because the memory transistor is of the samed to calculate THB- N over an average of ten measurements per
size as that of51_simple and the additional compensation networlsample and a signal bandwidth of 100 kHz. As can be seen, depending
contributes to the capacitance seen at the gate of the memory. on the input currentS2I_modis between 1 and 3.5 dB better than

The output spectrum df2_modwas measured for a coarse and &27_orig. Compared t&h27_simple the improvement is in the range
fine cell of W./L. = 100 um/10 yum andWy /L = 50 pm/10 um,  of 4 dB. SI_matchachieves the lowest distortion values, although
respectively, with a small additional capacitance at the gate of the fittheese measured results are worse than expected (see [4]) due to a
memory. The switches used to make the diode connections aroundtthesistor mismatch which is larger than the values reported in [16],
appropriate transistors were chosen t@pen/1 pzm andl pm/1 pm.  [17]. Note, however, that with regard to power and area efficiency, the
At a clock frequency of 1 MHz, the sampling time was 42% for thenultiphase circuit introduced here is more than three times better than
coarse memory and 49% for the fine memory. Thus, the samplitige one based on matching. Of course, in a differential structure, part

2Further, as in [8, Chs. 4 and 5], one can distinguish between direct aﬁﬁthe circuitSI_matchcan be shared (for example, the offset term in
sampled noise. 4] need not be cancelled), and so, power and area are reduced. The

3|n this example, having a bandwidth of 60 MHz, the direct noise makdgsults are summarized in Table I. A comparison of the maximum
a contribution to the total noise power of 12 nA. sampling capabilities of the different compensation techniques with

input current [A] x16°
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TABLE |
MEASURED SAMPLE-AND-HOLD PERFORMANCE FORDIFFERENT CIRCUITS
Sample-and-Hold circuits SI_simple | S2I_orig 8§21 _mod | SI_match
THD @ 50% modulation, f,,=10kHz, worst casc val- | 57 dB 59 dB 62 dB 64 dB

ues of a sample of 5.

Power supply 3V v 3V 3V

Power (for Vdd = 3 V) (incl. regulated cascodes, excl. | 0.35 mW 0.35 mW 0.35 mW 0.86 mW

bias generation network)

Active area (incl. regulated cascodes, switches, wires, | 0.023 mm? | 0.025 mm?2 | 0.025 mm? | 0.070 mm?

excl. btas generation network)

Relative max. sampling ratc compared to simple S/H. | 1 12 H/(1+¢€) 1/2.33

(€ denotes to the time M, needs to resample i.)

the basic sample-and-hold, i.e., the total capacitance to be drivégs] C. Toumazou, N. C. Battersby, and C. Maglaras, “High-performance
during the sampling phases to the gate—source capacitance of a single algorithmic switched-current memory celElectron. Lett, vol. 26, pp.
memory transistor, leads to the last line in Table I. As can be seen, 1593-1595, Sept. 1990. B )

. . . E] J. Hughes and K. Moulding, “A two-step approach to switched-
speed performance is best for the simple and the proposed circuit, currents,” inProc. IEEE Int. Symp. Circuits Syst. ISCAS@zhicago,
whereas the one based on matching suffers due to the additional L, 1993, pp. 1235-1238.
compensation stage. As simulations of the circuit proposed in [13]] Y. Sugimoto, “A 1.6V 10-bit 20MHz current-mode sample and hold
show, the accuracy ofI_mod could be increased by enlargirfg, circuit,” in Proc. IEEE Int. Symp. Circuits Syst. ISCASS®attle, WA,
e, R = (W.+Wp)/W;. 1995, pp. 1332-1335. .

! ¢ f f [8] C. Toumazou, J. B. Hughes, and N. C. BattersBwitched-Currents,
An Analogue Technique for Digital TechnologyLondon, U.K.: Peter
Peregrinus, Ltd., 1993.
[9] K. Bult and G. J. Geelen, “A fast-setting CMOS opamp for SC
It has been shown that by using only n-channel transistors in a circuits with 90-dB DC gain,”IEEE J. Solid-State Circuitsvol. 25,
two-step switched-current memory cell, the performance of the basic pp. 1379-1384, Dec. 1990.

sample-and-hold can be improved. Compared to the original propodaf! scéh-g(r)#én?é?us V?i?gh esci éha‘r‘r’en?”zlritl‘?t"s égitr?oen i”&‘;‘t’;io\;‘olcagge'?go”
the settling time of the main memory was increased by about 30%; 680—681, Apr. 1994. '

consequently, to achieve the same precision, power and area cambg s. J. Daubert, D. Vallancourt, and Y. P. Tsividis, “Current copier cells,”
reduced. For a typical design, the noise behavior of this modified Electron. Lett, vol. 24, pp. 1560-1562, Dec. 1990.
two-step approach is similar to the basic sample-and-hold. [12] J. E. Franca and S. Santos, “FIR switched-capacitor decimators with

: i _ active-delayed block polyphase structurd&§EE Trans. Circuits Syst.
We have integrated and tested several sample-and-hold structures vol. 35, pp. 1033-1037, Aug, 1988,

in a 1um CMOS process, and have reported on the differences wity) M. Helfenstein, J. E. Franca, and G. S. Moschytz, “Design techniques for
respect to power, area, and THD versus the input current. For the HDTV switched-current decimators,” iRroc. IEEE Int. Symp. Circuits

modified two-step approach, a THD of62 dB (worst case) for 50% Syst. ISCAS96Atlanta, GA, 1996, pp. 195-198.
modulation, at an input sampling frequency of 10 kHz and a cIodP<4] R. E. Luescher and J. Solo de Zaldivar, “A high density CMOS process,”

in IEEE Int. Solid-State Circuits Conf. Tech. Dig.985, pp. 260-261.
frequency of 1 MHz, was measured. For a power supply of 3 V, tt[?S] E. Sackinger and W. Guggeibl, “A high-swing, high-impedance MOS

VI. SUMMARY

power consumption was measured to be 350. cascode circuit,JEEE J. Solid-State Circuitsol. 25, pp. 289-298, Feb.
Experimental results applying the proposed solution in a switched- 1990. _
current active-block-delay line are in preparation [13]. [16] K. R. Lakshmikumar, R. A. Hadaway, and M. A. Copeland, “Charac-

terization and modeling of mismatch in MOS transistors for precision
analog design,IEEE J. Solid-State Circuitsvol. SC-21, pp. 1057-1066,
ACKNOWLEDGMENT Dec. 1986.
] ] [17] M. J. Pelgrom, A. C. Duinmaijer, and A. P. Welbers, “Matching
The authors would like to acknowledge the anonymous reviewers properties of MOS transistorsJEEE J. Solid-State Circuitsvol. 24,
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