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Discrete-Time Parametric Amplification Based on
a Three-Terminal MOS Varactor: Analysis and
Experimental Results

Sanjeev Ranganathan and Yannis Tsividis

Abstract—This paper discusses discrete-time parametric ampli- + + 0=CV,
fication based on large-signal operation of a three-terminal MOS Vv, = V; C + + [/
varactor. The principle of operation is described in detail and an- I = - Vi = Vi Cr
alytical estimates of performance are derived. Detailed measure- - -
ments are reported for a prototype implemented in standard dig- g
ital CMOS technology. Itis demonstrated that the technique can be = 1
used to provide micropower, low-gain, low-noise, large-signal am- (3.) -
plification. (b)

Index Terms—Dbiscrete-time amplification, MOS varactor, para- f° 0=CoVp
metric amplifier. + + |/

Vi Vo Co

. INTRODUCTION F

PARAMETRIC amplifier is a circuit in which amplifica- -
tion is achieved by the use of variable (time-dependent) (C)
parameters or circuit elements [1]. The use of these amplifiers
in continuous-time applications, including frequency divisiofi9- 1. Discrete-time parametric amplification principle phases shown are:
[2], resonant circuit amplification [3], and synchronous dete(@ track, (b) hold, and (c) boost.

tion [1], is well known. The main motivation in using this ap- _ ) o o
proach is that the resulting implementations have low noise. TRE rélaxed: even signals arbitrarily close to dc can be amplified.

input frequency in the classical approach typically must haJd'€ @mplifier can be used in applications that involve sampling,
a specific relation to the frequencies of one or more contrdRcluding the input stage of an analog-to-digital converter, or
ling signals. One of the frequently used parametric elements i& £/0cked comparator to reduce input referred errors, or a sub-

two-terminal nonlinear capacitor. In a typical application using?MPling mixer. It can also be used in switched-capacitor filters
this capacitor, a large control signal varies the value of the d§€0rPorating changes in capacitance between charge and dump

pacitor while a small input signal over the control signal seed4aSes-

time-varying linear capacitor. Since both signals face the same! he basic technique is illustrated with linear parallel-plate ca-

capacitor characteristic, the amplitude of the input signal is J¥2Citors in Fig. 1. A dcinput source is assumed for simplicity. In
verely limited. One method to accommodate larger inputs is {3 track phase, shown in Fig. 1(a), an input volt&gés being

use a three-terminal capacitor which can separate out the chgcked on a capacitar;. At the beginning of the hold phase

acteristics seen by the input and the controlling signal. HowevEte input switch is opened. The input voltage at the sampling

implementations of parametric amplifiers based on three-t#StantVz is held on the capacitor as shown in Fig. 1(b). The

minal capacitors have mostly used either mechanical [3] or off?&79€ On the top plate of the capacitofis= CrV;. With the

tical control. input switch open, there is no circuit path to the top plate of the

In this paper, a discrete-time parametric amplifier is describ&gPacitor and the charge on it does not change. The third phase,

which uses a three-terminal MOS varactor switched betweg@/led the boostphase, is shown in Fig. 1(c). In this phase, while

two modes [4], [5]. The use of this varactor enables the inp_me input switch is open, the plates of the paralle_l—plate capac-
signal as well as the control signal to be electronic. The arfi &€, assumed to have been moved apart (this is used only
plification is performed on sampled-and-held data. Restrictiofsillustrate the principle). This results in a reduced capacitance

which classical parametric amplifiers place on input frequendy©: The Voltage across the capacitafiegis ¢/ Co, whereQ
is C;Vy. This gives
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Fig. 2. Discrete-time MOSFET parametric amplifier in: (a) track, (b) holdig. 3. Track phase. Charges associated with the oxide and with the
(c) boost phases. (d) Shows the gate voltage. source—bulk and drain—bulk junctions are not shown for simplicity.

The sampling process does involve the so-called “sampling oﬁc @ o Vi
noise” (orkT'/C noise). However, once held data is available,
no resistors or active components are used in moving from the Oc
/

hold phase to the boost phase. This implies that there are no
sources of noise involved in the amplification process; the am-
plification after sampling is, therefore, ideally noiseless.

[4
bk

Il. MOSFET PARAMETRIC AMPLIFIER

A. Principle of Operation

A MOSFET-based discrete-time parametric amplifier is
shown in Fig. 2. The three-terminal varactor is implemented £
using the four-terminal MOS transistor by shorting its drain -
and source together and using them as one terminal called ghes  Hoid phase.
source (S). The capacitance of interest is between the gate (G)

and ground, while the source terminal is the control terminal.sate for it. The effective oxide interface charge is assumed to be
In the track phase shown in Fig. 2(a), the source is groundggko for simplicity. From charge neutrality, we have
and the input is tracked on the gate. The input voltage is as-

sumed to be large enough to produce inversion charges, as is Qc = |@B| + Q1. (2)
shown schematically in the figure under the gate. At the begin-1po gate voltag&; is given by (the work function difference
ning of the hold phase, the input switch is turned off as shown i@ s ssumed to be zero for simplicity)

Fig. 2(b). The sampled input voltage is now held on the gate. In

the boost phase, as shown in Fig. 2(c), the source is switched to Va=Vx+V )

a large voltagd/puy.. This pulls out all the inversion Ch‘”‘rge%/vherevOx is the potential drop across the oxide and the sur-

fr_om under the gate, and th_e gate voltage Increases, as showr:agé potential (the potential drop from the oxide—semiconductor
Fig. 2(d). The reason for this increase is now explained. interface to the bulk)

The cross section_ of the nMOS tran;isto_r in the trapk phgseThe potential drop across the oxide is
[corresponding to Fig. 2(a)] is shown in Fig. 3. The input is
being tracked on the gate, while the source is connected to Ve = Qg 4)
ground. The gate charges are shown as plus symbols on the gate. Cox
The inversion charges and depletion charges are representedifesreC,, is the oxide capacitance. It can be seen that this po-
minus symbols and minus symbols within circles, respectivelyential is only a function of the gate charge. The potential drop
At the beginning of the hold phase, the input switch is openegcross the bulk is a monotonically increasing functiof(@g|
This is shown in Fig. 4. The input voltage at the sampling ir(proportional td @ |2, as it turns out [6].) The inversion charge
stant is now held on the gate and the gate charge is fixed. Thems a thin sheet of charge right under the gate and is exponen-
sampled-and-held voltage is assumed to be large enough to hialey related to the potential dropped across the bulk.
caused strong inversion; the gate chaggethen requires both  In the boost phase, shown in Fig. 5, while the input switch
a depletion charg€ g and an inversion charg@; to compen- is kept off, a large voltag&pyrr, is connected to the source
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Fig. 6. Gate charge versus gate voltage for hold and boost phases. Qa1 | i i
o AV
terminal. Since the gate is floating, the gate charge remains un- AVi L
changed. However, the large voltage at the source pulls out all L L Ve

the inversion charge from under the gate and cha@gése zero. Vit Vio Vo1 Voo
Now all of the gate charge must be balancedhy, which thus

increases in magnitude to satisfy Fig. 9. Gate charge versus gate voltage for hold and boost phases.

|QB| = Qa. (5) B. Differential Operation

Two circuits of the type shown in Fig. 2 can be combined to

Correspondingly, the potential drop across the depletion regigmoduce the differential circuit in Fig. 8. The two input voltages
V, being proportional tdQz|?, also increases. On the othewr; andwv;, each consist of a common bias component and a
hand, the potential drop across the oxide remains unchangdifferential component as shown. Let the sampled voltages at
as seen from (4) and the fact th@t; has remained the samethe gate bé’;; andV,, with their difference denoted b V7.
We thus see from (3) that the gate voltage increases. Repeating the process illustrated in Fig. 6, we obtain the situa-

The boosting operation can be illustrated as shown in Fig.tén shown in Fig. 9. The differential sampled-and-held voltage
The upper curve shows the total gate charge versus gate voltagie boost phase\Vy,, is defined as the output of the circuit.
during the hold phase, in which the inversion layer is allowetb determine the small-signal gainVy /AV7, note that the
to form [6]. The lower curve shows the same quantity duringjopes of the two characteristics in Fig. 9 are the corresponding
the boost phase, when the inversion layer is removed. Since $ineall-signal capacitances of the structure in the two phases. In
gate charge remains constant between the hold and boost phdkeshold phase, inversion charges are present right under the
the gate voltage is boosted from the valdgz; p to the value gate. These form a conducting bottom plate and shield the gate
VBoosTED- A typical waveform for the switch control, source from the depletion charges. The structure resembles a parallel
and gate voltages is shown in Fig. 7. Bias and signal are indate capacitor with the distance between the plates equal to
tinguishable for a single sampled voltage, but it is possible the oxide thickness. The capacitance of the structure in the hold
differentiate between them in a differential setup. Small-signphase is, hence, equal to the oxide capacitangeln the boost
gain is analyzed in a differential circuit next. phase, in the absence of inversion charges, the capacitance of
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the structure is the series combination of the oxide capacitance . . !
and the depletion capacitance; this combination will be denoted : Jei V:"Z D :
by C,, and is smaller thal,. The changeaV, andAV; can | O N~ O '
be related through the slopes of the characteristics, as seen from

Fig. 9. This produces Va4

Cox 1 iVPULL
AVp = C AV (6) =

9 Fig. 10. Noise sources in a practical parametric amplifier.

which corresponds to (1). The value @f; can be determined
for a given bias using classical MOS transistor models [6]. Typ-
ical gain values vary from 5 to 10, depending on the fabrication
process. The gain is larger for devices with small body effect
(smaller N 4 and/or thicker oxide).

The gain derived above is the unloaded gain, i.e., it is based
on the assumption that the gate is floating. Parasitic and load -
capacitances, present at the gate, share the gate charge during Vi=
boosting and reduce the gain. If a parasitic capacitaices
present in both phases, the gain becomes

1

=VruLL

Cox + Cp
Cgb + Cp

AVp = ( > AV @)

The gain is insensitive to the exact valuelgfyr 1, as long as -
the latter is large enough to remove the inversion charges. THg§ 11. Considerations in power dissipation calculations.
value ofVpyr,1, must be such that, during boosting, the threshold
voltage of the device is at least several tenths of a volt higherTo quantify the noise performance, an added noise factor
than the maximum anticipated gate voltage, so that the inversieikin to the classical noise factor) is defined for this structure
layer can be completely removed. _ _ ~ as the ratio between the measured output noise and the output
There are two main advantages of differential operationeise expected due to only the theoretical input sampling noise
First, the boosted bias voltage only appears as a common-megger the same bandwidth.
voltage and can be rejected easily. Second, the even-ordeThe fraction ofc7'/C noise that appears at the output depends
distortion, in particular the second-order distortion which is then the duty cycle. For a 50% duty cycle for the boost phase, the
dominant one in a single-ended amplifier, is ideally eliminate@tal integrated sampled noise before amplification in the band-

in differential operation. width 0 to f./2 (f. is the sampling frequency) can be calculated
: , _ to be0.117 (kT'/C).
C. Noise Considerations The added noise factor over this bandwidth can thus be ex-

The discrete-time parametric amplifier uses a sampled inpRtessed as
The sampling.process introducb%’/O_noise due to Fhe $am- A yded Noise Factor
pling of the noise produced by the resistance of the input switc Total Output Nois€ Integrated ovef, /2)
[7]- The parz_;\metnc amplification process, in p_rlnC|pIe, does not = 0117 (kT/O)) x (Voltage Gain? x 2
add any noise to the sampled data. The noise sampled at the S
input is amplified at the output along with the signal, withoufor @ differential circuit.
degrading the signal-to-noise ratio. However, in a practical ¢
cuit, the measured output noise will be larger than this due
sources of noise in the circuit. These sources of noise includelhe power dissipated in the parametric amplifier is only dy-
the substrate resistance that appears in series with the deplefti@mic and is the power required to pull out the inversion charge
capacitance during the boost phase, noise in the power supglyfrom under the gate during the boosting event, as shown in
and noise due to any following buffers as shown in Fig. 10. THeg. 11. The energy drawn from théur1, supply per boosting
substrate resistance noise can be made low by ensuring tha€gdint isVpuLLQr, With Q1 ~ Cox (Ve — V). For a sampling
points in the substrate below the gate have a low-resistance gagguency off., there aref. boosting events per unit time and
to ground. This can be achieved by surrounding the device witie theoretical dynamic power is given by
a large number of substrate contacts. The noise inthg.L, .
supply does not affect the main structure, as lond/as.r, is Paiss = fo x Veure[Cox(Va = V)] ©)
large enough to completely remove the device’s channel duriAg a typical example, with a sampling frequency of 100 kHz,
boosting (see above). This is because with the channel remowedpyry, of 3.3 V, aC, of 2 pF, and aVg — Vr of 1.5V,
VpuLL is cut off from the rest of the structure. Some influencthe above relation predicts a power dissipation gf\\¥. Some
of the noise inVpyrL, though, can still find its way to the gateadditional power will be dissipated when charging the junction
through the gate—drain and gate—source overlap capacitancespacitance.

(8)

FPO Power Dissipation
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Fig. 13. Layout of the test chip.
Fig. 15. Distortion measurement test setup.

Il. EXPERIMENTAL RESULTS

. R . . A, Waveforms
A pMOS version of the circuit in Fig. 8 along with supporting v

circuits was integrated as shown in Fig. 12. The gate voltageThe measured output waveforms are shown in Fig. 14. For
as well as the boosting voltage are negative with respect to ?ﬁ@ measurement, the hold phase was very narrow compared
bulk, as needed for pMOS devices. The charges on the gatesV4f8 the track and boost phases. The single-ended waveform at
also negative; this creates positive depletion charges of accei§r 9ate (a fixed voltage has been subtracted from the buffered
ions and positive inversion charges consisting of holes. ThusO@puts in Fig. 12 to eliminate the level shift due to output
negative voltage/purr, is needed at the source to pull thes@uffers) is shown in Fig. 14(a). The inputis tracked in one phase
holes out. and the sampled and held value is boosted in another phase,

The circuit was designed for |OW_power |OW_frequency Operéorming the output of the structure. Asindicated before, the volt-
tion. The size of the transistors used for the parametric amplif@@es boost downward due to the pMOS implementation. The
core in Fig. 12 i20 x (4.2/4.2) um. A power supply voltage input envelope and the amplified output envelope are clearly
of 3.3 V was used, with the bulk of the transistors connected $§€n- The measured differential voltage at the outputis shown in
this voltage. A clock generator takes an external clock and pfod- 14(b). Again the inputis seenin the track phase and the am-
duces two nonoverlapping clocks used by the parametric aRified sampled voltage is seen in the boost phase. The voltage
plifier. The ground pin of the inverter that drives the parametr@ain of the parametric amplifier is 3.1 (at input bias of 1.4 V)
amplifier was used to measure the power dissipated by the latf§td matches with that obtained from SPICE simulation.
including the dynamic power of the inverter itself. ) )

The chip is implemented in a standard CMOS TSmE- Distortion
0.254:um process. The chip photograph is shown in Fig. 13. The test setup for distortion measurements is shown in
The parametric amplifier can be seen in the center. It wl#g. 15. For measurement purposes, the differential waveform
implemented as a bank of unit MOS transistors, to reduce tiseconverted to a single-ended waveform using a differential
substrate resistance that appears in conjunction with themtansingle-ended converter. This waveform tracks the input in
the boost phase. the track phase and the amplified sampled-and-held voltage
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ential amplifier with the same gain, the same linearity, and the

in the boost phase. A following track-and-hold holds theame power consumption would give an added noise factor of
value of the boosted output for a complete clock cycle. Th&58 dB. This amplifier would use a total resistance of @ M
output waveform is fed to a spectrum analyzer. The frequendye to the low power level used.
response of the measurement setup was calibrated out. o

The measured output components are shown in Fig. 16 with Power Dissipation
respect to the differential input for a bias voltage of 1.4 V. It can Fig. 19 shows the average current measured through the cur-
be seen that there is good linearity even for large inputs. Thent measuring pin in Fig. 12 as the input bias voltage is varied.
second harmonic is also seen to have been substantially redutied clock frequency used was 100 kHz. Since the circuit is im-
due to differential operation. plemented in pMOS and the bulk is connected to 3.3 V, the

Since the inversion charge is determined by the bias voltagkgher the input bias voltage the smaller the magnitude of gate
itis important to know how the output components vary with thg source voltage during sampling and the smaller the inversion
latter. Fig. 17 shows how the fundamental and the total harmomigarge. This is the reason that the average current drops as the
distortion vary with this quantity. It can be seen that over a biggas voltage increases (see Section 11-D). When the bias voltage
range of 0.7 V, the fundamental is higher than the total harmornicclose to the supply voltage of 3.3 V, there is no inversion

distortion by over 48 dB. charge in the track phase. The average current thus flattens out
_ to the average current drawn by the driving inverters in Fig. 12.
C. Noise The plot of the average current with frequency is shown in

The measured noise power spectral density is shown Fig. 20.
Fig. 18. The total integrated output noise was found to be .
4.42 x 10~ V2 over the bandwidth from 10 to 50 kHz (mea£- MiXing
surements below 10 kHz were not used because of the bandpasbsampling mixers have conversion gains less that 0 dB.
response of the transformer used to convert the differentlal order to restore the amplitude of the signal, an amplifier
outputs to a single-ended output) for 50% duty cycle. Thimay be needed following the mixer. The parametric amplifier
gives an added noise factor of 0.85 dB, in comparison wittan be used as the sampling stage instead of using a conven-
theoretical noise over the same bandwidth (see Section Ill-@dnal sample-and-hold with a fixed capacitor. Fig. 21 shows the
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large-signal and small-signal operation have been consid-

o | ered. Results from a test chip implemented in standard digital
8t ] CMOS demonstrate low noise due to parametric amplification,
I ] very low power dissipation due to zero static current, and

large-signal operation with low distortion.

ACKNOWLEDGMENT

The authors would like to thank A. Komanduri, S. Li, S. Chat-
terjee, and N. Stanic for their useful suggestions.

Average Current (uA)
n

3+ i}

2r Bias Voltage =12V

1k 4

REFERENCES

L . . ;
0 200 400 600 800 1000
Frequency (kHz)

[1] K. K. Kharkevich,Nonlinear and Parametric Phenomena in Radio En-
gineering K. Pullen, Ed. New York: Rider, 1962.

. [2] T.E.SternTheory of Nonlinear Networks and SystemReading, MA:

Fig. 20. Measured average current versus frequency. Addison-Wesley, 1965.

[3] W. L. Barrow, “On the oscillations of a circuit having a periodically
varying capacitanceProc. Inst. Radio Engpp. 201-212, Feb. 1934.

[4] Y. Tsividis and K. Suyama, “Strange ways to use the MOSFETPrirc.
IEEE Int. Symp. Circuits and Systendsine 1997, pp. 449-452.

[5] S.Ranganathan and Y. Tsividis, “A MOS capacitor-based discrete-time
parametric amplifier with 1.2 V output swing andi/3V power dissi-
pation,” in IEEE Int. Solid State Circuits Conf. Dig. Tech. Papgfsb.
2003, pp. 406-407.

[6] Y. Tsividis, Operation and Modeling of the MOS Transistdnd
ed. New York: McGraw-Hill, 1999.

[7] R. Gregorian and G. C. TemeAnalog MOS Integrated Circuits for
Signal Processing New York: Wiley, 1986, pp. 500-513.

Spectrum (dBm)

0 100 200 300
Frequency (kHz)
Sanjeev Ranganathanreceived the B.Tech. and

M.S. degrees from the Indian Institute of Tech-
nology, Madras, India. He is currently working

Fig. 21. Output spectrum showing the mixing of input with the clock.

TABLE | toward the Ph.D. degree at Columbia University,
PERFORMANCE SUMMARY New York, NY.
He has worked with Cadence Design Systems,
Parameter Value Noida, and interned with Texas Instruments Incor-
porated in Bangalore, India, and New Jersey.
Supply voltage 33V
Clock frequency 100 kHz
Supply current 0.83 uA
Voltage gain (loaded) 3.1
THD (@ 400 mVp-p and 1.4 V bias) -48 dB
Added noise factor
(10 to 50 kHz) 0.85 dB Yannis Tsividis received the B.S. degree from the
Input om. range for fundamental greater th University of Minnesota, Minneapolis, in 1972 and
put ¢.m. rang greater than the M.S. and Ph.D. degrees from the University
THD by 48 dB @ 400 mVp-p input amplitude 0.7V of California at Berkeley, in 1973 and 1976,

respectively.

He is the Charles Batchelor Professor of Electrical
Engineering at Columbia University, New York,
NY. He has worked with Motorola Semiconductor

output spectrum of the differential parametric amplifier with
clock frequency of 100 kHz and an input frequency of 111 kH and AT&T Bell Laboratories, and has taught at the
The output contains a component at 11 kHz. The input was University of California, Berkeley, the Massachu-

_ ; ; ‘ setts Institute of Technology, Cambridge, and the
22.4 dBm and the conwversion galr_1 was found to be 2_ dB. National Technical University of Athens, Greece. His latest bodBpgration
The performance summary at a bias voltage of 1.6 V is ShOWky Modeling of the MOS Transistoend edition (Oxford, U.K.: Oxford
in Table |I. University Press, 2003).
Dr. Tsividis is the recipient of the 1984 |IEEE Baker Best Paper Award, the
1986 European Solid-State Circuits Conference Best Paper Award, and the 1998
IV. CONCLUSION IEEE Circuits and Systems Society Guilllemin-Cauer Best Paper Award. He is
. . . e a corecipient of the 1987 IEEE Circuits and Systems Society Darlington Best
Discrete-time parametric amplification based on tmee't(:‘li;élper Award, and received the Presidential Teaching Award from Columbia
minal MOSFET varactors have been discussed. Bothiversity in 2003.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


