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Design of CMOS Ternary Latches

Xiaoqiang Shou, Member, IEEE, Nader Kalantari, Member, IEEE, and Michael M. Green, Member, IEEE

Abstract—This paper describes the design methodology of
latches with three stable operating points. Open-loop analysis is
used to obtain insight into how a conventional binary latch struc-
ture can be modified to yield a ternary latch. Four novel ternary
latch structures, compatible with a standard CMOS process, are
presented. Properties of each latch, including robustness of the
ternary behavior, speed, and power dissipation, are described.
Measurement results of four RS ternary flip-flops based on the
proposed latch structures, fabricated in a standard 0.18-pm
CMOS process, are presented. Maximum operating frequency
and skew tolerance are reported for each of the four latches.

Index Terms—CMOS digital integrated circuits, CMOS memory
circuits, digital integrated circuits, integrated logic circuits, multi-
valued logic circuits.

1. INTRODUCTION

ONVENTIONAL latch circuits, widely used in sequen-

tial logic and memory, are able to take either of two pos-
sible stable states. In fact, such circuits possess three operating
points, two stable and one unstable (sometimes referred to as
“metastable”). An early theoretical study claimed any circuit
containing two bipolar transistors, independent sources and re-
sistors can possess no more than three operating points [1].
However, recently it was reported for CMOS circuits [2] and
later for bipolar junction transistor (BJT) circuits [3] that a cer-
tain assumption used in [1] is not necessarily true. In [2] and
[3] two-transistor latch circuits possessing five operating points,
three out of which are stable, were presented.

Ternary logic circuits, which allow three logic levels instead
of two, have been studied for a number of years [4]. Although
design of circuits implementing combinational ternary logic
is straightforward, the design of a simple and robust ternary
memory element (i.e., latch) suitable for integrated circuit (IC)
implementation has been challenging. For example, a rather
complex CMOS circuit proposed in [5] requires multiple sup-
plies in order to reduce static power dissipation; in [6] a ternary
latch is proposed that creates the ternary output by switching
in reference voltages in a latch structure; in [7] a resonant
tunneling diode (RTD) is employed to obtain multilevel logic;
in [8] MOS circuits are used to emulated the behavior of RTDs
in order to realize multiple-valued logic; in [9] ternary memory
is realized by a dynamic circuit that requires a sophisticated
timing scheme. In this paper, a new type of ternary latch,
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Fig. 1. Tristable latch with two n-channel MOSFETs.

based on a simple topology compatible with a standard CMOS
fabrication process and powered by a single supply voltage, is
presented.

This paper is organized as follows. Section II presents the-
oretical background, analysis and design methodology for a
novel ternary latch. Section III describes four variations of a
new ternary latch that possess three stable operating points.
Section IV provides preliminary experiment results. Section V
offers conclusions.

II. THEORETICAL BACKGROUND

In this section, we briefly review some recent theoretical find-
ings about latch circuits and then present new design method-
ology to construct two-transistor tri-stable circuits.

In [10], it was shown that the simple nMOS latch circuit
shown in Fig. 1 can be made to possess five operating points,
three of which are stable. The existence of five operating points
is made possible by the presence of floating voltage sources
Vinite- These voltage sources function to bias the symmetric op-
erating point (i.e., the operating point where both transistors are
biased identically) of the circuit such that the transistors are bi-
ased not in the saturation region, which would be the case for a
bistable latch, but instead in the triode region.

To understand how this simple circuit could possess five op-
erating points, we perform an open-loop analysis using the cir-
cuit shown in Fig. 2. The voltage transfer characteristic Vs
versus Vi, is shown in Fig. 3(a). The simulation results pre-
sented here and throughout this paper use BSIM3 transistor
models provided by the Jazz Semiconductor CA18 0.18-pm
CMOS process.

From the close-up view of the graph of V,t — Vi, versus Vi,
shown in Fig. 3(b), it can be observed that the circuit possesses
five operating points since V1 — Vi, crosses zero five times.
To determine the stability of these operating points, we observe
the small-signal open-loop gain dV,y/dVi, versus Vi, curve
shown in Fig. 3(c). From criteria given in [11] and [12], it is
straightforward to conclude operating points OP2 and OP4 are

1057-7122/$20.00 © 2006 IEEE
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Fig. 2. Circuit used for open-loop analysis of the Fig. 1 latch.
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curves.

unstable. Stable operating points OP1 and OP5 correspond to
the usual binary state of latches when one of the cross-coupled
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transistors is off and the other one is in triode. OP3 corresponds
to both transistors identically biased in triode. Since the small-
signal loop gain is less than unity at this operating point, it is
stable as well.

To obtain greater insight into how five operating points can
exist, we can write the small-signal loop gain 7' corresponding
to the Fig. 2 circuit as

_ d‘/out _ de dV:)ut

T dVi,  dVi,  dV,

ey

From observing Fig. 3(c), we can see that there exist two distinct
relative maxima with magnitudes greater than unity in the T
versus V;, plot. It is the presence of these peaks that allows the
two unstable operating points OP2 and OP4 to exist.

We now explore how the proper choice of circuit parame-
ters of the Fig. 1 circuit can determine the number of operating
points. We can make two general observations:

1) The resistor value R will primarily influence the gains

dV,/dVin, dVout/dV,, and T'. Tt is thus necessary to make
R sufficiently large such that 7" can exhibit peak values
above unity.

2) The voltage source Vypis, Will influence the separation of
the rapidly increasing portion of dV,, /dVi, and the rapidly
decreasing portion of dVgy/dV,. This separation will in
turn affect the peaks of 7T'. It is necessary to have 7" higher
than unity at the peaks and a region with gain less than
unity between them.

For example, let us consider the behavior of the Fig. 1 cir-
cuit with R = 220 and Ve = 0. As shown in Fig. 4(a),
the loop gain T" always remains below unity due to the small
gain in each stage. Hence, this latch can possess only one op-
erating point. When R is increased to 10 k and V¢ remains
at 0, T has a single peak with magnitude greater than 70 as
shown in Fig. 4(b) because the relative minima in dV,/dV;,
and dV,; /dV,, are located very close together. Hence, this latch
can possess at most three operating points. By increasing Vypist
to 585 mV, we are able to separate the increasing portion of
dV,,/dV;, and the decreasing portion of dV,,/dV,, in order to
create two peaks above unity in 7' (with a region below unity
in between them) as is shown in Fig. 3(c). In this case, it is ob-
served that dV,,/dV,. flattens as V;,, approaches 1.8 V while
dV, /dViy is close to zero. This is because when transistor M
enters the triode region and V,, is close to zero, appropriate se-
lection of V ;5 can still allow transistor M5 to be biased in the
saturation region. Thus, the loop gain can be made greater than
unity even while M; is biased in triode. However, a further in-
crease in Vi, would lead to the decrease in the peaks of T’
to below unity as shown in Fig. 4(c), resulting in only one op-
erating point. (In the next section, we will present more robust
realizations of the ternary latch.)

From the above analysis, clearly the value of V¢ is critical
in determining whether or not the latch can exhibit three stable
operating points. If Vg is too small, then the transistors will
not be able to enter the triode region near the symmetric oper-
ating point; if Vg is too large, then the loop gain will not be
sufficient to give rise to more than one operating point. Thus,
there is a specific range of Vi, for which three stable oper-
ating points exist.
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Fig. 4. Gain curves for: (a) R = 220, Vipiee = 0;(b) R = 10 Kk, Vipige = 0;
(C) R = 10 k, ‘/s]‘ift = 600 mV.

To verify stability of the operating points possessed by the
Fig. 1 circuit, the dynamic response corresponding to various
initial conditions was simulated. In this way, we numerically
confirm that the circuit does indeed possess three stable op-
erating points. The transistor gate-to-source voltages V51 and
Ves2 are taken as state variables assuming capacitors Cys; and
Cys2 dominate the circuit’s dynamic behavior. The transient
waveforms in Fig. 5(a) clearly show the three stable operating
points; Fig. 5(b) displays the regions of attraction for each of
them. For any initial condition within one of the regions, the
system finally converges to the corresponding operating point.
Thus, the Fig. 1 circuit is indeed “tristable.”

III. DESIGN OF SINGLE-SUPPLY CMOS
TRISTABLE LATCH CIRCUITS

In this section, we will discuss practical realization of tristable
latches that is compatible with a standard CMOS process. De-
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Fig. 5. Dynamics of tristable latch. (a) Transient response for various initial
conditions. (b) Basins of attraction for the three stable operating points.

spite its simple structure, the Fig. 1 circuit has two disadvantages
for IC implementation. First, the floating voltage sources cannot
be realized on chip. Second, the circuit’s tristable operation is
not robust since this property is exhibited only for a small range
of circuit parameters.

Four novel tristable latches compatible with a CMOS process,
first presented in [13], are shown in Fig. 6. The Fig. 6(a) circuit
is biased so that the voltage drop across each resistor is equal to
Vet at the symmetric operating point OP3. Hence, the voltage
source Vip;s in the Fig. 1 circuitis realized in the Fig. 6(a) circuit
by the IR drop in each resistor. As mentioned in Section II,
this voltage drop must be within a specified range in order for
tristable behavior to exist. Thus, for a given set of transistor
sizes, the resistor values must be within a certain range.

The biasing of the Fig. 6(b) circuit is designed in a similar
way, but in this case the voltage drop is across diode-connected
transistors M3 4 and Msp. The biasing circuit comprised of
the op-amp, Msc and Ric (or M3c) can be shared by many
latches.

Fig. 7(a) and (b) shows the small-signal open-loop gains cor-
responding to the Fig. 6(a) and (b) circuits, respectively. (The
three curves are defined in the same way as those in Fig. 4.) It
is observed that the Fig. 6(a) circuit has sufficient gain such that
transistor M7 4 quickly enters the triode region for V,, > 0.8 V.
This is due to the relatively large small-signal resistance, con-
sisting of the series connection of R4 and 74524, connected
between the drain of M; 4 and Vpp. In order to generate two
peaks in T, the resistor voltage drop must be precisely set by
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Fig. 6. Four variations of a CMOS tristable latch.

the bias circuit. Similarly, the second stage gain dV,,, /dV. also
has high peak and narrow width. Simulations show that five op-
erating points exists for Fig. 6(a) circuit only when V¢ is be-
tween 0.5 V and 0.65 V. However, the Fig. 6(b) circuit is more
robust due to the nonlinear nature of the diode-connected tran-
sistors M34 and M3p. In particular, an appropriate dc voltage
drop can be achieved between the drain and the source of M3 4
while keeping its small-signal resistance 74534 smaller than the
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value of R 4 in Fig. 6(a). Thus, the small-signal resistance be-
tween the drain of M; 4 and Vpp, consisting of the series con-
nection of 14534 and 74524, is smaller. As a result, the Fig. 7(b)
graphs exhibit a more gradual change than those of Fig. 7(a).
The overall circuit exhibits tristable behavior for Vy,;¢ between
0.3t0 0.7 V, a significant improvement over the Fig. 6(a) range.

The Fig. 6(c) and (d) ternary latches are derived from the
standard CMOS latch topology, rather than using current
source biasing. Alternatively, these circuits can be viewed as
a parallel combination of an nMOS and pMOS version of the
Fig. 6(a) and (b) circuits, respectively. Both of these circuits
exhibit rail-to-rail output voltage levels and near-zero static
current at operating points OP1 and OP5. As mentioned earlier,
the resistor values (diode dimensions) in Fig. 6(c) [Fig. 6(d)]
must be within a certain range in order for tristable behavior to
exist. It is this limitation that determines the minimum power
dissipation in these circuits.

Simulations show that the Fig. 6(d) circuit is more robust than
the Fig. 6(c) circuit for the same reason that Fig. 6(b) is more
robust than Fig. 6(a). A summary of stable operating points of
the Fig. 1 and the Fig. 6 circuits is provided in Table I.

The Fig. 6 latches were designed by first choosing nominal
widths and lengths for the cross-coupled transistor structures.
Then the other component values were chosen such that the
most robust tristable behavior was realized. From this, the static
power dissipation for each operating point was then determined.
Note that each latch design could be scaled down by a factor
k—that is, the transistor W/ L ratios and current source values
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TABLE I
SUMMARY OF STABLE DC OPERATING POINTS
[ Circuit version | [ O [ OP3s | OPs |
Fig. 1 Va1 /Vaz (V) 0.58/1.25 | 0.67/0.67 1.25/0.58
Vp1/Vp2 (V) 0.61/0.02 | 0.08/0.08 | 0.02/0.61
Ipp (uA) 312 342 312
Fig. 6(a) Veia/Veis (V) | 0.75/1.03 | 0.84/0.84 1.03/075
Vpia/Vpip (V) | 0.80/0.08 | 0.21/0.21 0.08/0.80
Ipp (LA) 488 492 488
Fig. 6(b) Vaia/Veis (V) | 0.65/1.62 | 0.92/0.92 | 1.62/0.65
Vp1a/Vpip (V) | 0.90/0.08 | 0.20/0.20 | 0.08/0.90
Ipp (LA) 700 733 700
Fig. 6(c) Vaia/Vais (V) 0/1.8 0.9/0.9 1.8/0
Vpia/Vpis (V) 1.8/0 0.15/0.15 0/1.8
IDD ([LA) 0 251 0
Fig. 6(d) Vaia/Vais (V) 0/1.8 0.9/0.9 1.8/0
Vpia/Vpis (V) 1.8/0 0.17/0.17 0/1.8
Ipp (pA) 0 156 0
20 I I |
REREDUNNNE RN N RN AN NERE RN — — — | nominal corner
0 I ‘ ’/\\\ 60'C
o : =
20
o i\ | slow corner
] 120° C
o 7 -
2 |
20 I A
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V
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Fig. 8. Open-loop curves for the Fig. 6(d) latch at three process corners.

could be decreased by k and resistor values increased by k.
Such scaling would maintain the same dc operating points—i.e.,
voltage levels at each operating point would be independent of
such scaling—while the static power dissipation would be re-
duced by k. However, the latch’s driving capability would also
be reduced by a factor of k—that is, for a fixed capacitive load,
the latch would operate k times slower with the scaling. Thus, as
is normally the case for CMOS circuits, there is a direct tradeoff
between power dissipation and operating speed. In addition,
there is also a practical constraint: fabrication design rules al-
ways specify minimum transistor dimensions.

To verify robust operation of the Fig. 6(d) latch, open-loop
simulation results for three process corners are shown in Fig. 8.
All three gain curves exhibit double peaks higher than unity.

IV. CIRCUIT FABRICATION AND MEASUREMENTS

To verify operation of each of the four ternary latches
presented in the previous section, ternary RS flip-flops were
designed and fabricated using the Jazz Semiconductor CA18
0.18-um CMOS process for each of the four ternary latch
variations shown in Fig. 6. The schematic of the RS latch
constructed from Fig. 6(d) is shown in Fig. 9. The other RS
latch variations were constructed in a similar way.

The truth table for a ternary RS latch is given in Table II.
Note that unlike a conventional RS latch, the simultaneous ap-
plication of R = 1 and S = 1 is allowed, and results in the
latching in of the middle state. Measurements verifying cor-
rect operation of the four latch variations are shown in Fig. 10.
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Fig. 9. RS ternary latch.

TABLE II
TRUTH TERNARY LATCH
RS | Qi | Qo | op.pt
1 0 0 1 OP1
0 1 1 0 OP5
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Fig. 10. Measured input and output waveforms of RS ternary latches based on:
(a) Fig. 6(a) latch; (b) Fig. 6(b) latch; (c) Fig. 6(c) latch; (d) Fig. 6(d) latch.

The measured maximum frequency for each variation is sum-
marized in Table III. Note that this maximum frequency is sig-
nificantly larger for the Fig. 6(b) and (d) latches than for the
Fig. 6(a) and (c) latches. The reason for this is the choice of
device used to realize the voltage drop between the gates and
drains of transistors in the cross-coupled structure. The diode-
connected transistors used in Fig. 6(b) and (d) can realize the ap-
propriate voltage drop with smaller incremental resistance than
can the resistors used in Fig. 6(a) and (c).

Unlike the conventional RS flip-flop, the ternary version al-
lows both R and S inputs to go high then low simultaneously in
order to settle to the middle state. Thus, it is important to know
the maximum skew time between these two inputs in order for
this to occur. This skew region is bounded by the two metastable
regions described in Section II. To measure this region, the cir-
cuit shown in Fig. 11(a) was used, where the skew between R
and S was varied in 40-ps increments. The circuit operates as
follows. Only one of the signals Sy, . .., S7 is high, depending



SHOU et al.: DESIGN OF CMOS TERNARY LATCHES

TABLE III
PERFORMANCE SUMMARY OF FIG. 6 LATCH VARIATIONS
Latch variation | Max. frequency | Max. skew | V.. range
(MHz) (ps) (mV)
Fig. 6(a) 180 240 500 — 650
Fig. 6(b) 600 320 300 — 700
Fig. 6(c) 100 < 40 N/A
Fig. 6(d) 700 <40 N/A
[ [
R. TrOut TrOut TrOut S7] R
in v v v AL dy
~———In InvOut| In  InvOut e o o In  InvOut =
Ln Ln Ln iﬁj
Lo Lo
0 1 @ 6
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Fig. 11. Block diagram of skew generator.
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Fig. 12. Measured waveforms of RS latch based on Fig. 6(c) latch exhibiting
metastable behavior.

on the desired delay. If signal Sy, k € [1,2,...,7] is high, then
the output Rg;,, will be delayed by k - T;; with respect to Rj,,
where T} is the delay time of one inverter, designed to be 40 ps.
In this way, variable skew can be applied between the R and S
signals during measurement. The schematic of each individual
delay cell is shown in Fig. 11(b). Measured results showing the
metastable behavior are shown in Fig. 12. The skew ranges over
which the latch will settle at OP3 for each latch are given in
Table III. These ranges, given in picoseconds, are determined by
the rise and fall times at nodes X and Y in the Fig. 9 circuit and
by the voltage differences between the cross-coupled transistor
gates corresponding to the metastable states—that is, the two
states that define the boundary between the middle stable oper-
ating point and each of the two stable binary operating points.
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V. CONCLUSION

This paper discussed the methodology of constructing two-
transistor circuits with five operating points, three of which are
stable. Open-loop analysis was employed to examine the sta-
bility properties of these operating points. As a result, some de-
sign guidelines for achieving ternary behavior were developed.
Applying these guidelines, a family of CMOS ternary latches
was proposed, all of which are able to possess five operating
points.

Ternary CMOS RS flip-flops were simulated and imple-
mented in the Jazz Semiconductor 0.18-ym CMOS process.
Simulation and experiment demonstrated robust performance
of these circuits.

REFERENCES

[1] B. G. Lee and A. N. Willson Jr., “All two transistor circuits possess
at most three operating points,” in Proc. Midwest Symp. Circuits Syst.,
Aug. 1983, pp. 504-507.

L. B. Goldgeisser and M. M. Green, “Some two-transistor circuits pos-

sess more than three operating points,” in Proc. Int. Symp. Circuits

Syst., May 1999, pp. 302-305.

[3] X. Shou, L. B. Goldgeisser, and M. M. Green, “A methodology to

construct two-transistor multiple operating point circuits,” in Proc. Int.

Symp. Circuits Syst., May 2001, pp. 377-380.

M. Yoeli and G. Rosenfeld, “Logic design of ternary switching cir-

cuits,” IEEE Trans. Electron. Comput., vol. EC-14, no. 1, pp. 19-29,

Feb. 1965.

F. Toto and R. Salatte, “CMOS dynamic ternary circuits with full logic

swing and zero static power consumption,” Electron. Lett., vol. 34, pp.

1083-84, May 1998.

[6] K. W. Current, “Ternary static latch circuit,” Int. J. Electronics, vol. 88,

pp- 53-58, Jan. 2001.

J. L. Hubber, J. Chen, J. A. McCormack, C. W. Zhou, and M. A. Reed,

“An RTD/transistor switching block and its possible application in bi-

nary and ternary adders,” IEEE Trans. Electron. Devices, vol. 44, no.

12, pp. 2149-53, Dec. 1997.

A. Gonzalez, M. Bhattacharya, S. Kulkarni, and P. Mazumder, “CMOS

implementation of a multiple valued logic signed-digit full adder based

on negative-differential-resistance devices,” IEEE J. Solid-State Cir-

cuits, vol. 36, no. 6, pp. 924-932, Jun. 2001.

[91 A.G. Dickinson and J. S. Denker, “Adiabatic dynamic logic,” IEEE J.
Solid-State Circuits, vol. 30, no. 3, pp. 311-315, Mar. 1995.

[10] L. B. Goldgeisser and M. M. Green, “On the topology and number of
operating points of MOSFET circuits,” IEEE Trans. Circuits Syst. I,
Fundam. Theory Appl., vol. 48, no. 2, pp. 218-221, Feb. 2001.

[11] M. M. Green and A. N. Willson Jr., “How to identify unstable DC
operating points,” IEEE Trans. Circuits Syst. I, Fundam. Theory Appl.,
vol. 39, no. 10, pp. 820-832, Oct. 1992.

[12] ——, “(Almost) half of any circuit’s operating points are unstable,”
IEEE Trans. Circuits Syst. I, Fundam. Theory Appl., vol. 41, no. 4, pp.
286-293, Apr. 1993.

[13] X. Shou and M. M. Green, “A family of CMOS latches with 3 stable
operating points,” in Proc. Int. Symp. Circuits Syst., May 2001, pp.
109-112.

[2

—

[4

=

[5

[t}

[7

—

[8

—

Xiaogiang Shou (S’99-M’01) received the B.S. de-
gree in electrical engineering from Tsinghua Univer-
sity, Beijing, China, and the M.S. degree in electrical
engineering from University of California at Irvine,
in 1997 and 2000, respectively.

From 1997 to 1998, he was with Robot Research
Center, Harbin Institute of Technology, Harbin,
China, where he designed dc—dc converters and
servo systems. In 2001, he joined Gtran Inc., where
he developed 40 Gbps Demux/CDR ICs, 10 Gbps
transimpedance amplifiers and transponders for

<l

fiber-optic communication. Since 2005, he has been with Linear Technology
Corp., Boston, MA, as Senior IC Design Engineer in the signal conditioning
group, where he focuses on high-speed, low- distortion op-amps for wire-
less applications. His research interests include nonlinear circuits, RF and
microwave IC design.



2594

Nader Kalantari (S’01-M’03) received the B.S. de-
gree in electrical engineering from Isfahan University
of Technology, Isfahan, Iran, the M.S. degree in com-
puter engineering (honors) from Wright State Univer-
sity, Dayton, OH, and the M.S. degree in electrical
engineering from University of California, Irvine, in
1997, 2003, and 2005, respectively.

From 1997 to 2001, he was working on embedded
systems for monitoring and data acquisition at Signal
Ltd., Tehran, Iran. He was with Maxim Integrated
Products from 2004 to 2005, working on 10 Gb/s
bipolar junction transistor TIAs. Currently, he is a Design Engineer at Starport
Systems, Irvine, CA, working on analog/RF circuit design.

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 53, NO. 12, DECEMBER 2006

Michael M. Green (S’89-M’91) received the B.S.
degree in electrical engineering from the University
of California, Berkeley, in 1984, and the M.S. and
Ph.D. degrees in electrical engineering from the Uni-
versity of California, Los Angeles, in 1988 and 1991,
respectively.

He has been an Associate Professor in the De-
partment of Electrical Engineering and Computer
Science at University of California, Irvine, since
1997. From 1999 to 2001 he was an IC Designer
with the Optical Transport Group at Broadcom Corp.
(formerly Newport Communications). His current research interests include
the design of analog & mixed-signal integrated circuits for use in high-speed
broadband communication networks and nonlinear circuit theory. He has
published over 75 papers in technical journals and holds four patents.

Dr. Green was the recipient of the Outstanding Master’s Degree Candidate
Award in 1989 and the Outstanding Ph.D. Degree Candidate Award in 1991,
both from the UCLA School of Engineering and Applied Science. He is also
the recipient of the Sigma Xi Prize for Outstanding Graduate Science Student
at UCLA in 1991, the 1994 Guillemin—Cauer Award of the IEEE Circuits and
Systems Society, the 1994 W. R. G. Baker Award of the IEEE, a 1994 National
Young Investigator Award from the National Science Foundation and the Award
for New Technical Concepts in Electrical Engineering from IEEE Region 1. He
has served as Associate Editor of the IEEE TRANSACTIONS ON CIRCUITS AND
SYSTEMS, IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATED (VLSI)
CIRCUITS, and IEEE TRANSACTIONS ON EDUCATION.






