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Abstract. CMOSUFET (complementary metal-oxide—superconductor field-effect
transistor) discrete-time current-mode (DM) and continuous-time current-mode (CM)
circuits for an analogue VLSI (very-large-scale-integrated) signal processing system
are described. A family of modules—a simple sampled-data current memory circuit,
a current delay circuit, a current integrator, a continuous-time current mirror, and an
amplifier—are presented. Their main advantage lies in the very high frequency
response, and very low power dissipation. The circuits have extensive development
potential for high-performance analogue VLSI signal processing systems.

1. Introduction T1, the transformer ratio dfy, is 1:1, and the gate voltages
of M; and M, change as a function of time:

Because of the continual enlargement of analogue and

digital electron signal processing systems, the design V51 (1) = Vgs2(1) = 04 (2). (1)

of micro-power-dissipation, super-high-frequency-response

analogue VLSI (very-large-scale-integrated) processing The output current correspondingly changes as a function

becomes more and more important. The most important of time:

part of the design process is finding a device and

circuit to meet the above performance requirements. fout (1) = iin(2). (2)
Since a MOSUFET (metal-oxide—superconductor field-

effect transistor) has a very large transconductangeand Therefore, the output current tracks the input current as
very low conductancgps for a drain—source voltag€ps shown in figure 1(b), where the circuit is in the tracking

that is very low (but that cannot be equal to zero)—which state.

lead to it having very low power dissipation and a very high Whent = T, there is an inversion of the clock pulse
frequency response—it is an ideal basic VLSI device [1]. from ¢ to ¢ and the switch M will be opened. At that
As it penetrates into the development of information science time, charges stored in the gate capacitagge of M,
and technology, analogue signal processing equipment will wiil change with respect to the product @f,,; and the
be largely in the form of complex systems. However, changes in gate voltage, (T), i.e. qg2(T) = Cysav4s(T).
its basic functions are very simple: (1) signal inversion, Correspondingly, the change of current;jgT). Thus, the
(2) summation, (3) scaling, (4) memory, (5) delay, output signal current,, (r) will stay at the valuei;,(T)

etc. It can be realized by using either a discrete-time a5 shown in figure 1(c) when the switch is opened and the
current-mode (DM) CMOSUFET (complementary metal— cjrcyit is in the holding state, i.e.

oxide—superconductor field-effect transistor) circuit or a

continuous-time current-mode (CM) CMOSUFET circuit. four (1) = i1 (T). 3

If CMOSUFETs can be used in future analogue and

digital systems, an application in filters, analogue/digital The pest possible memory functioning is thus achieved,

converters, digital/analogue converters, and phase-codepecause the MOSUFET switch has the ideal high frequency
modulation VLSI designs can be found. response and high speed.

2. Basic DM CMOSUFET circuits
2.2. DM delay circuits

2.1. DM memory circuits Figure 2 shows a DM CMOSUFET delay circuit where the

Figure 1 shows a DM CMOSUFET memory circuit. When output current,,, (¢) is a non-inverted replica of the input
the switch M is closed by the clock pulse, the gate currenti;,(t) except that it is delayed by one clock pulse
electrodes of M and M, are connected through transformer period 7;.
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Figure 3. A DM CMOSUFET integrator.

out = i;y(T)

Figure 4. A CM CMOSUFET current mirror and current
amplifier.

building block in active filter design, the output current

Figure 1. A DM CMOSUFET memory. (a) A DM inverting mus.t be scaled. The integrator output is weighted py the
tracking and holding circuit. (b) Tracking operation. scaling aspect ratio of M to My and the output bias
(c) Holding operation. through a factor ofk (figure 3). The output signal current
is
2.3. DM integrators o (2) = Kip(z) = K(i,-(,f)z_l - il-(,,_)z_l/z)/(l— 27 Y.
4)

If a part of output current shown in figure 2 is fed back

to the non-inverting input terminal, and an inverting input The (1 —z~)-term in the denominator represents an integ-
terminal is added in, an ideal DM CMOSUFET integrator ration over discrete time. In the numerator, the input current
can be obtained, as shown in figure 3. The integrator @t the non-inverting terminaf,” is delayed by one period

is composed of two cascade-connected current memorycompared to the output current, and the input current at
(tracking/holding) circuits. The switches are controlled the inverting terminal,” is delayed by a half-period as
by two-phase non-overlapping clock pulseésand ¢ (all compared to the output current. Also
current-mirror—transistor pairs are assumed to be matched).

As it passes through each tracking/holding circuit, the signal K =[W/L)arVeps aal/[(W/L)asVeps as] - (5)
will invert once. Vepsi = [VE + VislY? (6)

To employ the DM CMOSUFET integrator as a basic Vei = Ver(LJEy) cosh2(L/2gy) @)
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Ver = 4A%(T)/(weKpT) (8)
where L is the channel length, andy is the coher-
ence length of the semiconductor or semiconductor-like
component

The current gain and phase errors of the DM

CMOSUFET integrator can be analysed. First, we obtain

an expression for the ideal DM CMOSUFET integrator
wherein there is an open-loop current gginequal to 1.
Substituting; = €T andé = wTs/2 into equation (4) with
Ts = 1/fs, iow: (@), using equation (5), is

iou (@) = [K /(i0T)](0/ sin 0) (e — i)

in in

9)

whereK /(iwTs) represents continuous-time Miller integra-
tion, 6/ sino represents the DM CMOSUFET current gain
error due to the finite sampling frequency, and aepre-

sents the phase error associated with the full-delay input.

Re-evaluating the DM CMOSUFET integrator wih < 1
open-loop current gain, we obtain
o (2) = K(Brif) 27 = Boif, 277 /(L= g1z (10)

where we assume that the current gain of the first
tracking/holding circuit isg; and that of the second
tracking/holding circuit isB,, indicated in figure 3, with

Br = B1Ba.
Performing a similar analysis with equation (9), we find

iour (@) = [K/(T5)](0/ SN 0)(Brij e — Baify”)
x[(@ —e )/ — pe ).
The current gain error is
AB\” =2sin0/[(1 - B)?cof 6 + (14 B)?sin 6]Y/2
(12)

11)

and the phase error is

Ag;” =tam*[(cotand)(1 — B1)/(L+ BD].  (13)
Present DM CMOSUFET currents typically achiefe <
0.99. Hence, for high-accuracy applications, the dynamic
current mirror technique which eliminates mismatch-related
gain errors should be used.

3. Basic CM CMOSUFET circuits

3.1. CM current mirrors and current amplifiers

Figure 4 shows CM CMOSFET current mirror and current
amplifier circuits, which have many functions, such as
summation, inversion, scaling, amplification and fan-out—
in fact, all of the required computation repertoire except for
memory can be realized.

The input-diode-connected MOSUFET ,Ms biased
by a current sourcd and a DC gate voltage;; as
long as it remains forward biased, it provides a low-
input-impedance summing node for the AC signal currents
i1,i2,...,i,. The My DC gate bias voltageE; = E,, is
applied to an array of output MOSUFETS M5, ..., M,,.
Through a transformef,; the sum of the input signal
currentsiy, is, ..., i, IS converted to the gate electrodes
of M1, M,,...,M,,, while the output signal currents

FET circuits for signal processing

io1, 102, - .., lom CanN be gained from the drain electrodes of
My, Mo, ..., M,,:
i = —PBilir+iz+...+in) (14)
Bi = (N1 /No)[(W/L)i /(W/L)o)(Vei | Veo)
(i=12...,m) (15)

where N1/N, is transformer ratio of7,;, and (W/L),,
(W/L); are channel width—length ratios of ,Mand M,
respectively.V,;/V,, is the ratio of characteristic voltages
of M; and M, [2]. When N1/N, = 1, the drain—source
currently,, of M, is the sum of the DC bias currehtand
signal currenty +ix + ...+ i,; that is

o =1+ ii. (16)
i=1
The total peak signal current
> i
i=1
does not exceed the DC bias curreht The above

facts show that the functions of summation, inversion,
amplification, etc of an input signal current can be
completed in the circuit shown as figure 4.

3.2. CM current integrators

Figure 5(a) shows a simplified schematic circuit diagram for
a CM CMOSUFET differential integrator, while figure 5(b)
shows an intrinsic small-signal model of the integrator,
and figure 5(c) shows an ideal small-signal model of the
integrator.

In figure 5C1 = Cgc1, Co = Cp + Cgc3, Cger and
Csc3 are the gate-channel capacitances of &hd M,
respectively, C, is an additional capacitance, the non-
dominant frequency is defined b§;, and the dominant
frequency is defined b¢,. When gys1, C1, gas2, 8453 @and
gasa are neglected in the intrinsic small-signal model, an
ideal small-signal model can be obtained.

According to Kirchhoff's law (KCL), at the nodes A,

B and C in figure 5(c), we have

- (+)

Ly + if = gmslVGSl (17)
i’ = gusaVes1 + (gms3 + SC2) Vis2 (18)

and
if = —8gmsaVGs2. (19)

If matching needs to be accurate, the CM CMOSUFET
current integrator is designed wigh,;1 = gns2 and g,z =
gmsa. Substituting (17) and (19) into (18),

(=) _ ()

L, =1, *+ if + (gms3 + SCZ)(_if/gmsG) (20)

and hence
. () (o)
lf = (ngS/SCZ)(l[,, — iy ) (21)
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Figure 5. A CM CMOSUFET differential integrator. (a) A simplified schematic circuit diagram. (b) An intrinsic small-signal
model. (c) An ideal small-signal model.

Thus, the gain constant of the CM CMOSUFET current is given by
integrator can be established using a capacitaficand a
scaled output branch; therefore o A gms3/ Ca. (23)

fowr = Kif —K(gmx3/SC2)(l,(,T) 'l(n—>), (22) Whe_r_l the second-order effects on the accuracy and
stability of the CM CMOSUFET integrator are taken
Since the dynamic range is typically maximized when into consideration—i.e., using an intrinsic small-signal
K =~ 1, the unity-gain crossover frequency of the integrator model including gus1, C1, gas2, gas3 and ggsa as shown
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Figure 6. The frequency response of a CM CMOSUFET
current integrator.

in figure 5(b), and assuming equal DC bias currehts
characteristic voltagegqr, N;/N, ratios, andW /L ratio—

we haveg,si = gms, &isi = &as,» and the KCL method
applied at the nodes A, B, and C now yields

ii(r_f) +ip = (&ms + 8as + SC1) Vigs1 (24)
ii(n_) = 8ms Ves1+ (8ms + ngs + SCr) Vis2 (25)

and
if = —8msVGs2 — 8asVasi- (26)

Solving (24)—(26), we obtain
ir = [Ko— K1(S — ZD]ilY /1(S — P1)(S — Pp) — Ko

lin
—Ka(S — Z2)i, /[(S = P)(S — Pp) — Ko (27)
iout = Kif (28)
where
Ko = giS/C1C2 (29)
K1=gas/C1 (30)
Zy = —(gms + 2845)/ C2 (31)
KZ = gms/CZ (32)
Zy = —(gms + &as)/ C1 (33)
P1 = —(gms + 2845)/ C2 (34)
Py = —(gms + 2845)/ C1. (3%)

The current gain of the CM CMOSUFET integrator is
Bliw) = (K/2)(1+ N)[Ko — K1(S — Z1)]

x[(S = P)(S — P2) — Ko] (36)
where

N = K(S — Z2)/[Ko — K1(S — Zp)]. (37)

An approximate expression for the CM CMOSUFET
integrator quality factorQ is derived by assuming that

FET circuits for signal processing

effects of all non-dominant poles (and zeros) can be
approximated to that of a single non-dominant pole located
above the unity-gain frequency of the CM CMOSUFET

integrator. Therefore, the two-pole approximate frequency
response of the CM CMOSUFET current integrator is

b(iw) = K/[1+iw/P)(1+iw/Py)] (38)
|b(iw)| = 20logK — 20log[1+ (w/P1)?]Y?
—20log[1+ (w/P2)%Y2. (39)

Figure 6 shows the frequency response of a CM
CMOSUFET differential integrator. In the computation,
assuming that the channel lengihis equal to 107 m,
W/L is equal to 100,Vps = 10° V, pu, = 142 x
102 m v1isl v, =01V, EE = 02V, and
Np = 5x 107 m=3 from my to m4. EvaluatingB(iw) at
the unity-gain crossover frequency of the CM CMOSUFET
integrator yields, whemw = wp, equation (38) in the form

Bliwo) = K /[(1+ iwo/P1)(1+ iwo/ P)]
= K/{[1 — w§/(P1P)] + iwo(1/PL + 1/ P2)}. (40)

Since theQ-factor of the CM CMOSUFET integrator is
defined as the ratio of the imaginary to the real part of the
denominator polynomial, we have

0 = wo(1/PL+ 1/ Py)/[1 — w§/(PLPy)]
~ (wo/ P1)/[1 — w§/(PLP)]
~ — (wo/P1)/[0§/(PLP2)]
= — Py/wo
= (8ms + 2845)C2/8msC1. (41)

4. Conclusions

The structures and principles of CMOSUFET circuits for
the basic functions in analogue discrete-time current-mode
(DM) and continuous-time current-mode (CM) VLSI signal
processing systems have been described. The study of DM
and CM CMOSUFET analogue circuits shows that analogue
VLSI systems can be developed using CMOSUFETSs, to
have better performance than semiconducting analogue
VLSI systems [2]. It is possible that they will provide
the basis of a new technology for future microelectronics
systems with a large development potential.

Acknowledgment

The work was supported by the National Natural Science
Foundation of China (grants 69371016 and 69571019). The
authors would like to express their sincere thanks for this.

References

[1] Jiang J F, Cai Q Y, Jiang H M, TanY S and Zhong Z L
1996 High-performance complementary
metal—-oxide—superconductor field-effect transistor
(CMOSUFET) current-mode operational amplifieh®c.
5th Int. Superconductive Electronics Conference
(ISEC’'95) (Nagoya, Japan, 1998 249-52

[2] Lee S S, Zele R H, AllstoD J and Liarg G J 1991IEEE
Trans. Circuits Syst38 1236

A75



