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An Electronically Tunable Linear or Nonlinear
MOS Resistor
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Abstract—We present a bidirectional MOS resistor circuit that is
electronically tunable and has zero dc offset. For a given /-V char-
acteristic, the circuit senses the source-to-drain potential across an
MOS device and automatically generates an appropriate bias for
the gate terminal to implement the characteristic via negative feed-
back. We show that the /-V characteristic of the resistor can be
designed to be linear, compressive or expansive by using appro-
priate translinear current mode circuits for the feedback biasing.
QOur technique does not require the MOS transistor to operate in
the triode region and is valid in both weak and strong inversion. Ex-
perimental results from a CMOS process show that a square-root,
linear, or square resistor can be implemented as examples of our
topology. The linear version was tunable over a resistance range
of 1 M(2-100 GX2 in our particular implementation and exhibited
proportional-to-absolute temperature (PTAT) behavior. The mea-
sured excess noise of the resistor agrees with theoretical predic-
tions.

Index Terms—Bulk-referenced model, electronically tunable re-
sistor, MOS resistor, nonlinear resistor.

1. INTRODUCTION

LECTRONICALLY tunable linear resistors are highly
E versatile circuit elements. They find application in vari-
able gain amplifiers, oscillators, balanced resistive bridges, and
analog filters. A combination of linear and nonlinear resistances
is often useful in creating building blocks in electrical models
of physical systems. Electronically tunable resistors may be
obtained using MOS transistors. In the past, MOS resistors
with approximately linear /-V characteristics were obtained
by operating the transistor in the ohmic (triode) region of
strong inversion to exploit the resistive nature of the channel.
Generally, these approaches were limited by the small ohmic
region and its intrinsic nonlinearities. Various techniques have
been proposed to minimize nonlinear effects associated with
operating the MOS transistor in the ohmic strong inversion
regime with good results [1]-[13]. In this paper, we present a
new MOS resistor that does not require triode operation and is
valid in weak or strong inversion. In addition, we show that the
technique can be applied to produce linear as well as nonlinear
resistances.

The organization of this paper is as follows: In Section II, we
explain the idea behind using an MOS transistor as a linear and
nonlinear resistance and propose a general circuit architecture
for implementation. In Section III, we show a circuit implemen-
tation of an MOS resistor with a linear /-V characteristic and
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present experimental results. In Section IV, we extend our im-
plementation to include nonlinear MOS resistors that have com-
pressive (square root) and expansive (square) I-V characteristics
and present experimental results. In Section V, we summarize
the contributions of the paper.

II. LINEAR AND NONLINEAR RESISTORS USING MOS
TRANSISTORS

Electronically tunable bidirectional resistors can be imple-
mented with MOS transistors whose source and drain terminals
are symmetric and whose gate or bulk voltages may be varied
to provide electronic control of the resistance. Fig. 1 explains
our idea for using an MOS transistor as a resistor with an arbi-
trary I-V characteristic. The I'p — Vpg curves of a typical nMOS
transistor for various gate voltages are shown in Fig. 1(a). To
obtain any desired I-V characteristic, the gate potential of the
MOS device must be biased to the appropriate value given by
the intersection of the MOS device curves and the desired I-V
curve. As an example, Fig. 1(a) illustrates the case for a linear
I-V characteristic as the desired I-V curve. The concept of the
proposed biasing scheme is illustrated in Fig. 1(b). The current
Ip through an MOS device may be modeled using the following
well-known bulk-referenced expressions:

Weak inversion:

Ip =1p exp <7K0 (Ve = Vro) ) <exp <_&> —exp <_&> )
Pt ol on
Strong inversion:
_ kgpCor W
T2 L

V- 2 Var 2
X (VG—VTO ~ —X> - <VG ~ Viro — —’) (1
Ko Ko

Ip

where Ip and ¢, are the size-dependent prefactor and the
thermal voltage (kT/q), respectively, and Vg and k¢ are the
threshold voltage and the subthreshold exponential parameter
when Vs = 0, respectively. Specifically, ¢ is given by
1
Ko =3T3 2

1 04
+2 %o

where 7 is the body effect factor and ¢ corresponds to the sur-
face potential at Vo = Vig. Equation (1) is in a form that re-
flects the symmetry of the source and drain terminals and may
be viewed as the sum of a forward current and a reverse current
as follows [16]:

ID = IA\',sat - IY,sat (3)

where Ix ot and Iy sa¢ are forward and reverse saturation
currents determined by Vi x and Vgy, the gate-to-source and
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Fig. 1. (a) Idea behind MOS resistor. (b) Its biasing concept.

gate-to-drain potentials respectively. For the MOS device to
behave like a resistor with an arbitrary I~V characteristic given
by

Ip = g(Vxy) 4

where g() denotes an arbitrary function and the argument Vxy-
denotes the potential difference across the source-drain termi-
nals (Vx — Vy-), an appropriate Vi; must be applied to the gate
terminal such that

ID = IX,Sat - IY,sat =g (VXY) - (5)

We propose a biasing scheme that senses Vxy across the de-
vice terminals and automatically generates the required gate
bias Viz by employing a negative feedback loop that enforces
the equality of (5).

Fig. 2 shows a general circuit implementation of the proposed
MOS resistor. In this and subsequent circuit diagrams, the bulk
connections of NMOS and PMOS devices are connected to Vsg
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(ground) and Vpp, respectively, except where indicated. The po-
tential difference Vx — Vy- across the main MOS device Mp is
sensed and converted into a current IoyT, g using a wide linear
range operational transconductance amplifier (WLR OTA) such
as that described in [14]. IouT,gar is linearly related to the
sensed input voltages as follows:

Iour,cm =Gum (Vx — Vy)
=GnVxy. (6)

The proportionality constant G5/, the transconductance of
the WLR OTA, is given by

Igm
Gy = —
M=

where Iy and V7, are the biasing current and input linear range
of the WLR OTA, respectively. Hence, G, is electronically
tunable via Igy. In Fig. 2, the two WLR OTAs in conjunction
with diode connected transistors M; and M3 produce two half-
wave rectified currents that are proportional to |Vxy-| across the
source-drain terminals of My with each current being nonzero
if and only if Vxy > 0 or Vxy < 0, respectively. The rectified
output currents are mirrored via My or My to create a full wave
rectified current [;y,. The translinear circuit produces an output
current I, that is a function of [;,,. By using a translinear cir-
cuit that implements an appropriate function, the MOS resistor
may be configured to have linear or nonlinear /-V character-
istics. Translinear circuits which eventually result in compres-
sive, linear, and expansive -V characteristics for the resistor are
shown in Fig. 3.

The saturation currents Ix go¢ and Iy, sac of Mg are propor-
tionally replicated by sensing Vg, Vi, Vx, and V3~ on the gate,
well, source, and drain terminals of M i with source followers
and applying Vi x and Vigy across the gate-source terminals of
transistors Mx and My . The source followers marked SF in
Fig. 2 serve as buffers to prevent loading on Mpg. Transistors
M7-M 4 serve to compute Ix sa¢ — Iy sat OF Iy sat — Ix sat and
transistors My5-Mag compare |Ix sat — Iy sat| with a mirrored
version of the translinear output current I,,s = f([iy). Any dif-
ference between these two currents will cause the capacitor C
to charge or discharge such that the gate bias voltage Vi equi-
librates at a point where the two are nearly equal via negative
feedback action.

(N

III. LINEAR MOS RESISTOR

A. Circuit Description

Fig. 4 shows a die micrograph of a testchip fabricated in AMI
1.5 pm CMOS technology. The testchip contains a linear and
nonlinear MOS resistor. The circuit diagram of an MOS resistor
with linear /-V characteristics is shown in Fig. 5. Note that the
current mirror of Fig. 3(b) is implicit in the circuit implemen-
tation. The schematic of the source follower buffer (denoted by
SF in Fig. 5) is shown in the inset. It comprises a pair of PMOS
transistors Mgp; and Mspo that together forms a tracking-cas-
code structure, a pair of current sources Igp and Ipy, and an
nMOS transistor Mgp3 that serves as a gain element. The buffer
provides a very low output impedance Ro sr given by

1 1

gm,SFSTo,SFlgmpro,SF2) 9mp A1A2.gmp

®)

Rosr ~ (
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Fig. 3. Translinear circuits for MOS resistor with (a) compressive (square-root), (b) linear, and (c) expansive (square) /-V characteristics.

Fig. 4. Chip micrograph.

where

kolBN

s

9mp = Ym,SF1 = Im,SF2 =

A1 = gm,SF3To,sF1 > 1
A2 = 9mpTo,SF2 > 1.

Note that we have added a tracking-cascode transistor such that
the output impedance is even lower than that in topologies that

only use Mg and no Mgpo [17]. The source follower buffer
also provides a level shift V.5t that is determined by Ipn. The
tracking-cascode structure minimizes Early voltage effects by
ensuring that the source and drain terminals of the transistor
Msr, move in tandem, thereby keeping its Vpg relatively con-
stant with input voltage. We ensure that both transistors of the
tracking-cascode operate in saturation by biasing them in sub-
threshold and making the W/L ratio of Mgps larger than Mgp; .
Fig. 6 shows the circuit diagram of a Wilson-mirror version of
the WLR OTAs first described in [14] and used to implement
the Gy transconductor of Fig. 2. The wide input linear range
is achieved by: (a) using the wells of the input pair M;, M- as
inputs, (b) source degeneration through M3 and My, (c) gate
degeneration through M5 and Mg, and (d) bump linearization
through B; and Bs. The linear range V7, of the WLR OTA may
be derived as follows [14]:

K 1
:3kT1+E+E

v,
r q 1-k&

)
where k p is the subthreshold exponential parameter for transis-
tors M3 and My, kv is the subthreshold exponential parameter

for transistors M7 and My, and k is the subthreshold exponen-
tial parameter for the input pair M7 and Ms. The current sources
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Fig. 7. Block diagram of MOS resistor with linear /-V characteristic.

O N

I} and I, serve to compensate for current offsets that may
arise due to device mismatch. The current at the output of the
WLR OTA is given by (6) and, hence, the desired linear I-V
characteristic is

Ip =g (Vxy) = GuVxy- (10)
In this manner, the conductance G of the linear MOS resistor
may be determined by the transconductance G, which in turn
is electronically controlled by the bias current I ;.

Fig. 7 shows a block diagram representation of the circuit
depictedinFig.5. Asthecircuitis symmetrical, we may arbitrarily
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Fig. 8. Measured I-V characteristics of (a) uncompensated and (b) offset com-
pensated linear MOS resistor.

assume that Vx (or Vy-) is the signal variable and Vy- (or V) is
grounded. The negative feedback loop servos Vi to maintain the
equality of (5). G)5; denotes the transconductance of the OTA as
givenin (6) while g,,, denotes the small signal transconductances
of transistors Mpr and Mx (or My) in Fig. 5. The dominant
small-signal time constant at the gate terminal of Mg is given
by RoC, where Ro = 1o m2l|romallromizl|ro me (ro
represents the small signal output resistances of the respective
transistors) and C is the total capacitance at the node.

B. DC Characteristics

Fig. 8 shows the measured /-V characteristic of our linear
MOS resistor electronically configured to have a resistance of
100 GS2. The tiny currents flowing through the MOS resistor
are accurately sensed and measured using an on-chip current
integration technique [15]. The potential difference Vxy across
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Fig. 9. (a) Measured /—V characteristics of linear MOS resistor with varying
biasing current Iy . (b) Change in conductance G with biasing current I .

its source-drain terminals is varied in 10-mV increments. The
plotin Fig. 8(a) shows the I-V data without offset compensation.
In this case, the slope of the I-V curve changes near the origin.
The slope deviation can be attributed to offsets arising from:
(a) the WLR OTAs and (b) current subtraction and mirroring
operation by transistors M7-Mig. Close to the origin, the current
through the MOS resistor is comparable to the offset currents.
Offset compensation is performed by tuning the current injected
through Ig)—c or I of the WLR OTAs of Fig. 6. Fig. 8(b) shows
the I-V plot with offset compensation.

Fig. 9(a) shows the measured I-V characteristics for various
values of WLR OTA biasing current Igy;. The slope of the
I-V characteristic i.e., the conductance is determined by Ign.
Fig. 9(b) shows a plot of conductance G with Igy;. G varies lin-
early with Igyr when the WLR OTA operates in subthreshold
because G is determined by the transconductance Gj; of the
WLR OTA, which is proportional to Ig)y; in the subthreshold
regime. As Ig\r is increased, the WLR OTA begins to transition
into moderate inversion. The change in G with Igy; gradually
departs from being linear and eventually becomes square-root
when the WLR OTA operates above threshold.
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Fig. 10. (a) I-V plot of linear MOS resistor taken over the theoretical linear
range of WLR OTA. (b) I-V plot of linear MOS resistor showing operation of
main MOS device in weak, moderate and strong inversion.

The linear range V7, of the WLR OTA determines the linear
range of the MOS resistor. A theoretical estimate of V may be
computed from (9) tobe 1.7 V. The I-V data obtained by varying
Vxy over arange of V, = 1.7 V is shown in Fig. 10(a). The
slight curvature in the /-V characteristic may be attributed to
r variation of the input pair of the WLR OTA. As Vx or Vy
is varied, the gate-to-bulk and source-to-bulk voltages of the
input pair changes, giving rise to depletion width modulation
which causes x and hence the transconductance to vary slightly.
Fig. 10(b) shows the I-V characteristic obtained when I,y is
biased at 5 puA. As Vxy is increased, the main MOS device
My goes from weak inversion to strong inversion as indicated
in the figure. The W/L ratio of Mg is 2. The abovethreshold
operation of My is limited by the WLR OTA. In our present
implementation of the WLR OTA, the input transistors (M; and
M, of Fig. 6) begin to come out of saturation when Iy is
increased above 5 pA.
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C. AC Characteristics

Fig. 11 shows the measured ac characteristics of the linear
MOS resistor. The experimental setup used to make the mea-
surements and the parameters are also shown. The device under
test (DUT) is hooked up to a sense amplifier comprising a re-
sistor [y and an operational amplifier to form an inverting am-
plifier configuration. In this measurement, R is 25 M() and
the DUT is configured to give an inverting gain of 7. The input
signal Vi is centered at 2.8 V with an amplitude of 200 mVpp
and a frequency of 250 Hz. Vrgr at the noninverting input of
the operational amplifier is set at 2.5 V. The measured total har-
monic distortion (THD) of Vour is 0.56%.

The experiment was repeated with Vin centered at various
offsets from Vgrpr. Fig. 12 is a plot of signal distortion at the
output with respect to offset at two different signal frequencies,
namely 250 Hz and 1 kHz. The higher distortion measured at
the origin may be attributed to: (a) slope mismatch at crossover,
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Fig. 13. Measured temperature characteristics. The circles represent measured
data points and the dashed lines indicate the least squares fit.

TABLE I
MEASURED AND THEORETICAL VALUES OF 0R/3T FOR VARIOUS WLR OTA
BIASING CURRENTS

Iom OR/OT (Measured) OR/OT (Theoretical)
[nA] [MQ/K] [MQ/K]

4 1.65 1.62

6 1.1 1.08

10 0.668 0.646

(b) residual offset from WLR OTA, current subtraction, and mir-
roring operations, and (c) current rectification dead-zone. Dis-
tortion due to slope mismatch and dead-zone can be reduced by
using a current-conveyor-type class-B mirror with active feed-
back to implement current rectification in our feedback biasing
scheme.

D. Temperature Characteristics

As Fig. 9 shows, the resistance R of the MOS resistor may
be varied through the biasing current Iy, of the WLR OTA.
Specifically

Vi

R= L.
Igm

Y

Substituting V7, from (9) in (11), the change in resistance with
respect to temperature R /9T can be written as

4+ 2+
3k K K
OR i

3T =

11—k
(12)
Iou

Fig. 13 shows the measured variation of resistance with tem-
perature. In the experiment, the nominal resistance was set by
I from a temperature invariant current source. The temper-
ature was varied between 6 and 46 °C at 2 °C intervals. The
resistance at each temperature was measured by computing the
slope of the I-V plot taken after the temperature has stabilized
to the set value. The subthreshold slopes of a PMOS and NMOS
transistor with Vps = 0 were measured tobe Sp = 78 mV /dec
and Sy = 96 mV /dec, respectively. The corresponding sub-
threshold exponential parameters are kp = (¢¢/Sp)In10 =
0.76 and ky = (¢+/Sn)In10 = 0.6. The subthreshold expo-
nential parameter of the input pair was estimated to be x = 0.85
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by accounting for its nonzero Vpg. The measured and theoret-
ical values of OR/OT are tabulated in Table L

E. Noise Analysis and Measurements

The noise sources associated with the MOS resistor are de-
picted in Fig. 14. Since the MOS resistor circuit is bidirectional
and symmetric, we assume Vx > V3~ in the following analysis
of the half-circuit with no loss in generality. The noise com-
ponent of the main transistor My is denoted by 72, . The com-
bined output noise of the active WLR OTA and the noise from
the current mirror formed by M; and Ms is denoted by i2,.
The noise contribution of transistors My, My, and M;-Mg
is denoted by 2. The output voltage and current noise of the
source-follower buffers with input Vi; and input Vx (or Vy-) are
denoted by vy and %y, respectively. When configured as a re-
sistor of conductance G carrying a current Ip (Vxy # 0) such
that Ip = Ix sat(Ixsat > Ivsat), the noise contribution i2,
from transistor M r may be derived as follows:

2, = 2¢Ip = 2qGyVyy = NiKTGy = NMiETG - (13)

(a) Circuit and (b) block diagram of MOS resistor showing the dominant noise sources.

where G is served by feedback to equal GGj; as revealed by the
feedback block diagram of Fig. 7, and N; is defined to be

ZVX)’
T TEL
q

N, (14)

The output current noise L%G a of the WLR OTA may be

derived as [14]

where Ng s, the effective number of noise sources in the WLR
OTA, has a value of 3.8. Hence, i2, may be written as follows:

) I
Zi,GJ\/[ = Nam (21}—6;\[ (15)

Ign
3

ing :ii,GM‘FN2 (2¢9Ip) = 3.8<2q >+N2(2(IID) (16)
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where N5 is the number of noise sources in the current mirror
formed by M; and M. Applying (13) and (9) in (16), we get

GmVi
3

ko4 L

i2y =3.8 <2q > + N (N ETG)
KN Kp

14+ £ 4
=76 —Lrx_rr

; ) kTG + No (N1 KTG) . (17)
— KR

Since the current through Mx is Ix ac = Ip

%5 = N3 (2¢Ip) = N3sN1kTG (18)
where N3 is the number of noise sources originating from the
current subtraction and mirroring operation performed by Mx,
My, and M~-Mig. From the inset of Fig. 5 and using the tech-
niques described in [14], the voltage noise v3 at the output of
the source follower driving the gates of Mx and My may be
derived as

vép = [0dp; (2¢IBn) + OJ%BN (29IpN) + aigp (2q9Igp)
+0dr32q (Ipp — Ipn)] RG sp  (19)

where asp1, arpn, aspz, argp are the current noise transfer
functions from Msp1, Ipn, Msrs, Ipp to the gate ter-
minal of Mx, respectively. Using A1 = g, sr370,sr1 and
Az = gmpro,sF2 given in (8), the noise transfer functions
QSF1, XTBN, ASF3 and arpp are given by

asp1 = |41 (14 A2)| = A1 A
AIgny = |1 — Ay (]. -|-A2)| X QSF1
asr3 =1 K asri

argp =1 < asri. (20)
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Hence, the noise contribution from v% . is:

vip o | AZAZ (2qIpN) + (AZAZ+ 24, (14 Ay) +1)

X (2qIgN) + 2q1gp + 2q(Igp — IgN) R%),SF
~4q (A%A%IBN + IBP) R2O,SF
2
1
~dq (A2AZI I T
Q( 1421BN + BP) <A1Azgmp>
Iy

If g,,,x and g,,;, x are the transconductance and back-gate
transconductance of Mx respectively, the output current noise
i3 of the source follower driving the source terminal of Mx
may be derived as

i%F = (gm,X + gmb,X)2 v%F

( 2
(22 s
(2 Yo

From the block diagram of Fig. 14(b), the total noise at the
output is given by (23), shown at the bottom of the page. Now,
by applying (13), (17), and (18) in (23), we get (24) shown at
the bottom of the page. In essence, the current noise from the
WLR OTAs and current mirrors is low pass filtered by the inte-
grating feedback loop and adds to the intrinsic noise of the main
transistor Mpg.
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The experimental setup used to measure noise of the MOS
resistor is depicted in Fig. 15(a). The inverting amplifier con-
figuration allows the potential difference across the DUT to be
varied through V4. and Vygr. The noise at the output of the am-
plifier is given by

Ro\2 R\2
v'rzt,out = (#) UTZL,Ri +v12z,Rf + (1 + #) Uy Amp (25)

where R; is the resistance of the DUT and Ry is the resistance
of the feedback resistor. v2 Amp 18 the input referred voltage
noise of the operational amplifier (LF356) and has a value of
15 nV/\/Hz. In the measurement, a real resistance of Ry =
25 M€ was used as the feedback resistor and the DUT was con-
figured such that R; = 5 MJ(2, giving an inverting gain of 5. The
measured noise power spectral densities (PSD) at the output of
the amplifier are plotted in Fig. 15(b) for various source-to-drain
potentials Vpg(= Vxy ) of the MOS resistor. As a reference,
the noise PSD of a real 5 M2 resistor is also shown in the same
figure. The theoretical value of v2 out for a real 5 MQ resistor
may be computed to be 1.5 uV /4/ Hz. From Fig. 15(b), the mea-
sured value is 1.63 1V //Hz. Using the noise estimate given in
(23) at low frequencies (w < C/gy,), the theoretical value of
v2 out for an MOS resistor may be computed as shown in (26) at
the bottom of the page. As Ni and I are functions of Vpg, the
MOS resistor’s noise varies with the potential difference across
its terminals, unlike a real resistor. The measured output noise
vfb,out and its theoretical values for an MOS resistor with an
equivalent resistance R; = 5 M2 are plotted as a function of
Vps in Fig. 15(c); we see that there is good agreement of the
measured noise and that predicted by theory. Also, compared to
the 4 kTG noise spectral density of a real resistor, the MOS re-
sistor has an excess noise factor N, given by (27), shown at the
bottom of the page.

IV. NONLINEAR MOS RESISTOR

A. Nonlinear MOS Resistor

A two-terminal (one-port) device that is characterized by an
I-V curve that is not a straight line through the origin is said
to be a nonlinear resistor. In this section, we describe two elec-
tronically tunable nonlinear resistors: the first has a compressive
-V characteristic such that I = K/V while the second has an
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Fig. 15. (a) Experimental setup. (b) Measured noise power spectral density of
MOS resistor (5 M€2) with varying potential difference across its terminals.
The noise PSD of a real 5 M2 resistor is also shown for reference. (c) Plot of
measured output noise v2 _ ., and its theoretical values as a function of Vs for
an MOS resistor conﬁgured as an equivalent resistance R; = 5 M().

expansive -V characteristic such that I = KV? where K is
an electronically controlled scale factor with the appropriate di-
mensions. Both nonlinear resistors are implemented using the
general circuit architecture depicted in Fig. 2. The compres-

R 2

2 2 f 2

Unout = Un,Rf (1 + ﬁ) Uy Amp
1

R\ 2 Ip 1 1+ + 4
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Fig. 16. Measured [-V characteristics of compressive MOS resistor

(I = KyV).

sive resistor having a square-root /-V characteristic employs the
translinear circuit of Fig. 3(a). The output current of the WLR
OTA given by G 3, Vxy is compressed by the translinear circuit
in a square-root manner to produce the desired /-V relation

Ip = \/5$,et G Vxy.

The expansive resistor employs the translinear circuit of
Fig. 3(c) to expand Gj;Vxy and produce the desired I-V
relation given by

(28)

(GMVXY)2

Iref (29)

Ip =

In either case, the negative feedback loop servos V¢ such that
the difference in saturation currents I x gu¢ — 'y sat become equal
to Ip given by (28) or (29).

B. Experimental Results

Fig. 16(a) shows the measured /-V data for the compressive
resistor having an I-V relation given by (28). The theoretical

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 55, NO. 9, OCTOBER 2008

x10° IV plot {Iref=10nA)

15 s T T ! ;

o

Current [A]

] A o Measured (I, =10nA 20nA,30nA 40nA) |]
: : ¢ | ===Theoretical
2 i 1 i T T T T T T
f5 04 03 02 01 0 01 02 03 04 05
Voltage [V]

Fig. 17. Measured I-V characteristics of expansive MOS resistor (I = KV?).
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Fig. 18. Logarithmic plot of measured /-V characteristics of expansive MOS
resistor (I = KV?).

I-V curve is also plotted in dashed lines for comparison. The
measurement was repeated with Vx and Vy- interchanged in
Fig. 16(b). The results show that there is good circuit symmetry.
The plots also show that the /-V relation may be scaled electron-
ically by varying the biasing current I s of the OTA. The same
effect may also be achieved by varying I, in the translinear cir-
cuit. Fig. 17 shows the measured and theoretical I-V curves of
the expansive resistor having an I~V relation given by (29). A
logarithmic plot of the measured and theoretical data in Fig. 18
shows that they are in good agreement.

V. CONCLUSION

We presented a new bidirectional electronically tunable linear
and nonlinear MOS resistor implemented in CMOS technology.
Our MOS resistor exploits the symmetry of an MOS device and
has inherently zero dc offset. Our negative feedback biasing ar-
chitecture enables the resistor to have arbitrary linear and non-
linear I-V characteristics. We presented experimental results of
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MOS resistors having linear, compressive, and expansive I-V re-
lations. DC measurements show that our linear MOS resistor in
its current implementation has a tunable resistance range span-
ning 1 M to 100 GS2. We theoretically analyzed and experi-
mentally verified the temperature dependence of the linear MOS
resistor to be proportional to absolute temperature. AC measure-
ments showed that the resistor has a distortion of 0.7% when the
signal is centered away from the origin (|Vpg| > 100 mV) and
3% when centered at the origin (Vps = 0). We presented noise
measurements of the linear MOS resistor that agreed well with
theory. Unlike a real resistor, the linear MOS resistor’s noise is
a function of Vps.
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