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A Reduced-Area Low-Power Low-Voltage Single-Ended Differential Pair

J. Mulder, M. van de Gevel, and A. H. M. van Roermund

Abstract—In analog very large scale integratin (VLSI), a currently, which is a function of the source voltagé, and
high computational density is important. Area savings can be g reverse currenfz, which is a function of the drain voltage
obtained by operating the MOS transistor in the triode region, Vp. In the weak inversion triode region, with the substrate

thus exploiting its symmetrical nature. Applying this theory to . L
a single-ended differential pair results in an area reduction of Connected to ground, the drain current is given by [11]-{13]

up to a factor 1.5, which can be significant, e.g., for neural W % _V Vv
networks, where the basic cells are repeated many times on a [, = — I, exp <_G> [exp <_5> — exp <_D>}
single chip. The proposed circuit also has advantages with respect L nVr Vo Vo
to low-power and low-voltage operation. =Ir—-1Ig 1)

Index Terms—Analog VLSI, CMOS analog integrated circuits, . .
neural network hardwgre. gineg where W and L are the width and length of the transistor,

1, is the zero-bias current, is the subthreshold slope factor,
Vr is the thermal voltagé&T/q and Vg, Vp, and Vs are the
. INTRODUCTION gate, drain, and source voltage, respectively, referenced to the
HIGH computational density is of primary importancesubstrate.
in analog neural networks and analog very large scaleln the strong inversion triode region, the MOS transistor
integratin (VLSI) systems in general [1]. The area required féhows the same symmetry with respect to its source and drain.
the implementation of a certain function can often be reducd#ie drain current in the strong inversion triode region is given
by exploiting the full functional capacity offered by the MOy [12], [13]

transistor. One possibility is to use the body terminal as a w8
second gate [2]-[4]. Another possibility is to use the drain Ips =+ 5 [(Va = Vs = Vin)? = (Va = Vp — Vin)?]
terminal, by operating the MOS transistor in the triode region, —Ip—1Ig )

instead of in the saturation region [5]—[7].

In this paper, the triode region option is applied to th@heres is the transconductance factor a¥ig is the threshold
differential pair. A novel differential pair is proposed whichyoltage.
might be interesting, especially for analog neural network Further, (1) and (2) are very similar to the equations for the
applications, where the differential pair is used very oftegirain current in the saturation region. The reverse curfgnt
in neurons and synapses, for amplification, to implement thgnds to zero whelp > Vi or Vp > Ve — Vi, in the weak
sigmoid function and to facilitate multiplication, e.g., [8]-[10].and strong inversion regions, respectively.

Because neurons and especially synapses are repeated magnythe weak inversion saturation region, the drain current is
times on a single VLSI neural network chip, area savings #escribed by [11]-[13]

these basic cells becomes significant.

In Section Il of this paper, the triode region and the satura- Ips = w I, exp <&) exp <__V5>
tion region of the MOS transistor are compared with respect L nVr Vr
to functionality and a functional relation between the two =Ip. 3

regions is derived. This theory is applied to the differential ) ] ) ] o
pair, in Section Ill, resulting in the design of a reduced™nd in the strong inversion saturation regidips is given by

area low-power low-voltage single-ended differential pair. W A y
Measurements in both the weak and strong inversion region Ips =7 5 (Vo = Vs = Vin)

are described in Section IV, which verify the operation of the =1Ip. 4)
circuit.

Note that (3) and (4) are in factimplified versions of
(1) and (2). As a consequence, the functional capacity of an
MOS transistor operating in the triode region is higher than
A striking characteristic of the MOS transistor is its symmethe functional capacity of an MOS transistor operating in the
try with respect to source and drain. This symmetry is apparesaturation region, where the drain terminal has lost control
from the equation for the drain currefy s in the triode region. over the drain current.
The drain current can be written as the difference of a forwardMore specifically: One transistor operating in the triode
region is equivalent to two fictitious transistors operating in the

II. MOS TRANSISTOR IN THE TRIODE REGION
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Fig. 1. Equivalence of: (a) one transistor operating in the triode region and

(b) two transistors operating in the saturation region. Fig. 3. Differential voltage amplifier [14].
llom Vop shown in Fig. 2 are connected to ground. The equivalence
M, M, relation betweed4, andMs in Fig. 2(a) and\/, 3 in Fig. 2(b)
J llout is only valid if A4> and M3 have the same body potential, as
4 explained in the previous section.
v, N ——I Ml Second, both transistor&/,; and Ms,, shown in Fig. 3,
- - C) ] 1 operate in the (strong inversiosaturationregion. Transistor
s "\ | My, 3, shown in Fig. 2(b) operates in thgode region.
Vhimq; Vbias O 1 As a result of the above two differences, the proposed circuit

- M; has a completely different transfer function than Johnson’s
vhmo__ll:f_ circuit. The circuit shown in Fig. 3 acts as a differential voltage
amplifier with unity gain. The outputoltage V,,; equals the
(@) (b) difference of the two input voltagegy; and V1. The output
Fig. 2. (a) Conventional and (b) novel single-ended differential pair.  Signal of the proposed differential pair i€arrent The transfer
function describing the relation between the input volt&ge
and the output current,; is exactly equal to the transfer
function of the conventional differential pair. Only for very

Ié"' htafs "to eqfual tr|1<§ i(;tu;,l dcr:aln Clt”[emi’h ﬁﬁ (3) gnd fIarge values oV,,, when the differential pair is used beyond
(2), it follows from Kirchhoff's Current Law that the drain o its usual range of operation, do the circuits become identical,

one fictitious transistor is connected to the source of the Otns%{cept for the body terminal connection b
fictitious transistor. This is illustrated in Fig. 1. ol

L . n expression for the output curreft,;, of the proposed
Further, both fictitious transistors have the same gate a&ﬁf P P s prop

. ) erential pair can be found by applying (1)—(4) to the
substrate potential, and the same aspect ratiol, which ; . e . .
follows directly from (1)—(4). differential pair shown in Fig. 2(b). Applying (1) and (3), valid

in the weak inversion region, tdf, 3 and M, respectively,
yields

Since the difference of the fictitious drain curredis and

I1l. CIRCUIT DESCRIPTION

A differential pair is biased by a tail current source. In prac- I = K I, exp <Vbias> [1 — exp <_V51>} (5)
tice, this source is often implemented by a single transistor, L nVr Vr

which is biased at a certain gate voltage, in most cases the input w I, exp <Vbias + Vm) exp <—V51> ©)
voltage of a simple current mirror. A single-ended differential nVr T

pair is shown_m Fig. _2(a), where all MOS transistors opera\t;\?here Ve, is the source voltage aff;.
in the saturation region.

X . . . . Since W,ias IS assumed to be the input voltage of a current
The equivalence derived in the preceding section can be : . )
- S L . . . mirror, we can find an expression fdf,;,s in terms of the
exploited to simplify this differential pair. Since the twoin Ut currentl,.. of this current mirror, using (3)
transistorsi, and A4z, which operate in the saturation region, P bias ' 9
are biased at a dc gate voltage, and the sourceiof Ve — Ve 1 L Iias 7
is connected to the drain ol3, they can be combined blas = MYT A T T ) @)
into one MOS transistor operating in the triode region. The ) . o
novel single-ended differential pair thus obtained is shown ¥Ye can use this equation to eliminatg;,, from (5) and

Fig. 2(b). The circuit has a single-ended input and output, b- Further, a closed expression foy,. can be obtained by

in many situations this limitation poses no problem. elimination of Vs, from (5) and (6). This yields
The proposed circuit looks very similar to a differential 1 Vin
voltage amplifier published by Johnson in [14], shown in Low = §Ibias {1+tanh <Wﬂ (8)
Fig. 3, and therefore, it might be interesting to highlight the T
differences between these circuits. This equation is exactly equal to the equation describing

First, the body terminal ofif»;, shown in Fig. 3, is con- the conventional differential pair shown in Fig. 2(a). Since
nected to its source. The body terminals of all transistotise large-signal transfer function is identical, the small-signal
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transconductance gain of the proposed differential pair will
also be equal to the gain of the conventional differential pair.
In strong inversion, two equations fdt,,; are found by

1.25e-09

applying (2) and (4) ta\f, 5 and M;, respectively 1e-09
W B < 7.5e-10
Low = T %[(Vbias = Vin)? = (Vhias — Vs1 — Vin)?] (9) < ©
=1
W g =
Iout = f % (Vbias + ‘/in - VSl - ‘/th)Q- (10) 5e-10
From these expression®,;,s can again be eliminated, if 2.5¢-10
we assuméi,,s to be the input voltage of a current mirror,
given by
0.3 0.4 0.5 0.6 0.7
Vin |V]
[ L 2
Vi ias — — — I ias | ) 11 (@)
b W B bias T Ver (11)
T T
Next, a closed expression fdf, is found by eliminating 6e-06 - 7
Vs, from (9) and (10)
Tiias w /3 L Vi 2 —  4e06 .
Iou: ___Vin —Iias_ > . 12 <
T2 T L2 gw P 2 (12) =
This equation is exactly equivalent to the transfer function of 2606 L |
the conventional differential pair in strong inversion.
For analog VLSI applications, the most important advantage
of the proposed circuit is a reduction of the required chip area.
Instead of two transistord/, and M5, with equal aspect ratio, 1 1
only one transistof, s is necessary. lif;, M>, andM3 have 0.6 0.8 Vin [V] 1 1.2
equal dimensions, the required area is reduced by a factor of )
about 1.5. ' ' _
The proposed differential pair also has advantages wifi§- 4- Measured output current: (a) weak and (b) strong inversion.
respect to low-voltage and low-power operation. First, no V. CONCLUSIONS

voltage has to be wasted on keepinds in the saturation - . :
region. In weak inversion, about 100 mV for both the input By exploiting the relation between the operation of an MOS

; : C b i ansistor in the saturation and in the triode region, a higher

and the output voltage range is gained, which is significa tansi . . . '
: . Unctional density can be obtained. This was demonstrated for
e.g., for single-battery operation where the supply voltage CFHE\ sin Ie-endeg differential pair, where the required area is
be as low as 1 V [15]. g par, q

Second, the total current consumption is equal to the outéﬁp;ncaelg b\);LaSIfaaCtolric(;ftigﬁs toe 1.5’inW:(IeCur:a(l:inetSV%rilsgjn\l/]\c/lrfzpet
current and not to the tail current, which comes down to g PP » €.9., ’

) - tﬁe differential pair is often used in neurons and synapses,
factor of one half at the bias point; see (8) and (9). which are repeated many times on a chip. Other advantages of

the proposed differential pair are low-power and low-voltage
IV. MEASUREMENT RESULTS operation.
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