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from (8a) and (8b). For any input common mode voltage (VC), the 
bias currents for the n- and p-type differential pairs are given by 

Ln (Vc) = In (Vc) 
‘3L(Vc) - Ip(V In(k) > I,(k) 

+ 0, { otherwise 
@a)  

Ibp(k) = I&h) 

1 

3[I,(Vc) - L(%)l, 
+ 0, 

Ip(Vc) > In(Vc) 
otherwise 

(8b) 

where 1, (Vc) and Ip(Vc) are the drain currents of the tail current 
sources formed by MBN and MBP, as a function of the input 
common mode voltage Vi, for the n- and p- type differential pairs, 
respectively. Assuming MBN and MBP supplies equal amounts of 
drain current (1b), when they are in saturation region, the equations 
above become the following: 
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1) When only the n-type pair is on (i.e., VC close to VDD) 

Ibbn(VC) = 41,(vC) = 4Ib, Ibp(vC) = 0 (94 

2) When only the p-type pair is on (i.e., Vc close to Vss) 

Ibn(%) = 0, Ib#C) = 41,(vC) = 4Ib C’b) 

Application of the Back Gate in MOS 
Weak Inversion Translinear Circuits 

3) When both pairs are on (i.e., Vc’at mid supply range) 

Ibn(VC) = Ibp(vC) = Ib (9c) 

Hence, total t ransconductance gm has a value of 2 m for the 
cases above, if Pn = &, = /3. 

Jan Mulder, Albert C. van der Woerd, Wouter A. Serdijn, 
and Arthur H. M. van Roermund 

In Fig. 5, transistors MNCl and MNC2, and MPCl and MPC2 
detect the input common mode voltage and allow transistors Ml 1 and 
M5 to replicate the bias currents I, (Vi) and Ip(Vc), respectively. 
Transistors Ml through M4 and M7 through Ml0 implement the 
current subtractions 3(l;,(V~) - I,(V,)) and 3(I,(Vc) - I=(V,)), 
respectively. These currents are added to bias currents at the common 
source points of the differential pairs. 

The measurement results of the rail-to-rail-input stage are given 
in Fig. 6 for a supply voltage of 2 V. About 15% increase in gm 
occurs during transition regions where one pair is partially on, while 
the other pair is fully on. 

Absrrucr-Though the MOS transistor is a four-terminal device, it is 
most often used as a three-terminal device. Therefore, a large number 
of possible MOS circuits are overlooked. In this brief, the four-terminal 
point of view is elaborated with respect to MOS weak inversion translin- 
ear circuits, a class of circuits naturally very suitable for low-voltage 
and low-power applications. Some new circuits are described which 
sometimes are more suitable for low-voltage applications than bipolar 
translinear networks performing the same function. It is also shown 
that, using the back gate, translinear networks can be derived which 
cannot be realized with bipolar transistors. These network topologies 
increase the possibilities offered by translinear technology. As an example, 
measurement results of a low input-voltage current mirror and a sin(z)- 
circuit are shown. 

I. INTRODUCTION 

IV. CONCLUSION 

Some of the issues facing the analog designers in implementing 
low voltage circuits have been discussed. Possible solutions to a 
variety of problems are investigated. These solutions include the 
use of regulated cascade circuits for implementing low voltage 
current mirrors and linear transconductors, lateral BJT’s for low noise 
design, and reducing threshold voltage by forward biased bulk-source 
operation. Two different circuits demonstrating the usefulness of these 
techniques have been presented. The results have supported with 
experimental data. 

The first translinear circuits were designed using bipolar transistors 
[l]. However,  MOS transistors in weak inversion are also suitable 
for this type of circuits because of the almost exponential relation 
between the gate-source voltage and the drain current in this region 
r-4. 

Weak inversion translinear circuits have two fundamental advan- 
tages over bipolar translinear circuits. First, there is the absence of 
base current, which is a major source of errors in most bipolar designs 
and also causes noise. 

Second, the MOS transistor is a four-terminal device. In subthresh- 
old, the relation between the bulk-source voltage and the drain current 
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Fig. 1. (a) Conventional current mirror. (b) Bulk current-mirror. (c) Improved bulk current-mirror. 

is also exponential. A simple model for the drain current of an MOS 
transistor in saturation is given by [3] 

where 10 is the zero-bias current, VGS and VBS are the gate-source 
and bulk-source voltage, UT = kT/q is the thermal voltage and K 
is the subthreshold slope. As shown in this article, the use of the 
bulk terminal as a second gate, or back gate, enables us to design 
translinear circuits that are not possible when using bipolar transistors. 
For the circuits described in this article, bandwidth is supposed to be 
less relevant and will be treated only briefly. The noise characteristics 
still have to be examined. 

In Section II, some important aspects of bipolar translinear net- 
works are summarized. In Section III, we will first treat the use of the 
back gate in the current mirror. In Section IV, less trivial translinear 
circuits will be treated. Some MOS topologies are described which 
sometimes are more suitable for low-voltage designs. Section V 
describes some MOS topologies which are not covered by the 
equations describing bipolar translinear networks. Measurements on 
a sin(l)-circuit are treated in Section VI. 

II. BIPOLAR TRANSLINEAR NETWORKS 

In searching for new MOS translinear circuits, knowledge of the 
possibilities of bipolar translinear circuits is necessary. Much research 
in this area has been performed in [l], [4]. For the sake of brevity, we 
resort to a short and incomplete outline only. In [4], the investigation 
is restricted for reasons of complexity, to circuits containing one 
loop of at most eight transistors or two loops of at most seven 
transistors. Under these restrictions, 26 possible topologies remain, 
each described by one of only four equation structures 

flfi...fn =QlgZ"'gn n = 2,3 or 4 (2) 

flf2 = g1g2 = hlh2 (3) 
fl 91 hl -z-z- 
f2 g2 hz 

flf2 QlAT2 -=-=h 
f3 Q3 

(4) 

(5) 

where f;, g; and h; represent the collector currents, which are linear 
combinations of the input and output currents. The first equation 
structure (2) applies to one-loop circuits, (3) to (5) describe two-loop 
circuits. 

A simple way to design a MOS translinear circuit is to translate 
a bipolar circuit directly to its MOS equivalent, replacing the base- 
emitter junctions by gate-source voltages and connecting the substrate 
terminal of each MOS transistor to its source. Using this approach, 
the back gate is not exploited and therefore a class of new circuits 
is ruled out in advance. 

III. BULK CURRENT-MIRROR 

To demonstrate the usefulness of the back gate, we start with 
an examination of the current mirror, a trivial translinear circuit. 
In the conventional current mirror the input current Ii, forces the 
gate voltage, while the back gate is connected to the source, see 
Fig. l(a). However,  it is equally possible to bias the gates on a 
constant voltage and use the back gate to mirror the input current, 
as shown in Fig. l(b). The input voltage of the bulk current-mirror 
is lower than the gate-source voltage of the conventional current 
mirror and therefore the bulk mirror might be useful for low-voltage 
applications. 

The measured and ideal output current of the bulk current mirror 
are shown in Fig. 2. The gates are biased at 350 mV. The operating 
range of the bulk mirror is more than two decades. For low input 
currents, the bulk voltage becomes less than 100 mV. Therefore, the 
input transistor transits into its linear region, causing a deviation from 
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Fig. 2. Measured (-) and ideal (- -) output current of the bulk cur- 
rent-mirror, W/L = 108/7~m/~m. 
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Fig. 3. Measured input voltages of the conventional mirror (-), the bulk 
mirror (- -) and the improved bulk mirror (- . -). 

Fig. 4. Translinear loop of gate-bulk voltages. 

the ideal transfer function. The bulk-source junction is biased slightly 
forward causing some leakagt current. For high input currents, the 
bulk voltage becomes about 400 mV and the leakage current is no 
longer negligible with respect to the input signal. 

The main disadvantage of the bulk mirror is the small input current 
range with respect to a conventional current mirror. First, this is 
caused by the relatively small input voltage range of about 300 mV. 
Second, the slope of the VBS - In IDS characteristic is usually about 
twice as steep as the slope of the VGS - InIDs plot. The second 
effect can be canceled out by driving the gate as well as the back 
gate, connecting them by a voltage source, as is shown in Fig. l(c), 
where &fs is a simple realization of the voltage source. The current Ib 
through MS is added to 4, and therefore Ib has to be much smaller 
than 4,. Another possibility is to compensate for Ib by subtracting 
Ib from IoUt. The slope of T/;, versus ln 6, of this mirror is the same 
as the slope of a bipolar current mirror, which is 59 mV/decade, as 
shown by the input voltage measurements in Fig. 3. 

Fig. 5. Loop in up-down topology with floating back gates. 

Fig. 6. Circuit realizing equation structure (7). 

The bandwidth of the bulk current mirror is about four times lower 
than the bandwidth of a conventional mirror. Both the input resistance 
and the input capacitapce are about iwo times larger. Thus, the price 
paid for low-voltage operation is a reduction of bandwidth. 

IV. MOS TRANSLINEAR TOPOLOGIES 

DESCRIBED BY “BIPOLAR” EQUATIONS 

In less trivial translinear circuits, the use of the back gate also 
leads to the development of new circuits. A four-transistor loop in 
up-down topology is shown in Fig. 4. Instead of the usual loop of 
gate-source voltages, this loop consists of gate-bulk voltages. Using 
(l), we find that the circuit is described by (2) with n = 2. The 
topology of Fig. 4 is thus characterized by an equation which also 
describes a bipolar four-transistor translinear network. However,  it 
is quite different from the corresponding bipolar circuit. All sources 
of the MOS transistors are connected to the same voltage, which is 
an advantage in a low-voltage low-power environment. In contrast to 
bipolar circuits, the MOS circuit needs one gate or bulk voltage to be 
biased. In theory, this can be done without power consumption, since 
the gate and back gate draw no current. In Fig. 4, a gate voltage is 
biased. An example of the circuit is found in [5], where it is used in 
the feedback path of an amplifier to realize a dx-function. There, a 
bulk voltage is biased. 

With networks containing two loops of gate-bulk voltages, the 
“bipolar” equation structures (4) and (5) can also be realized with 
all sources grounded; (3) cannot be realized by a circuit with all 
sources on ground potential. 

In summary, the use of the back gate enlarges the number of 
translinear topologies. With respect to the 26 bipolar topologies, these 
new topologies might be more suitable for low-voltage low-power 
applications. 

V. ADDITIONAL TRANSLINEAR EQUATION STRUCTURES 

The circuits treated in the previous section and described by one 
of the known “bipolar” equation structures (2), (4), or (5) are not the 
only results of the use of the back gate; as shown in this section, 
new equation structures can be realized using all four terminals of 
the MOS transistors. 

In Fig. 5, a four-transistor gate-source loop is depicted in an 
up-down topology. The back gates have not been connected yet. 
Applying (l), it can be derived that the loop satisfies 

II& VBSl - vBS2 + vBS3 - vBS4 
- = exp 
Id4 $3 > 

(6) 
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‘b 

Fig. 7. Sin(z)-circuit, W/L = 108/7~m/~m. 

where l/q = l-l/~, see (1). The source voltages of M1 and h& 
and of M2 and Ma are the same. As a consequence, they cancel out. 
Now, it is also possible to “add” the back gate voltages of Ml and 
MS and of M2 and M4 simply by connecting them. 

Next, if the back gates of Ml and M4 are connected to the back 
gates of two supplementary MOS transistors M5 and MS with equal 
gate voltage, a theoretically process- and temperature-independent 
transfer is obtained. The resulting fundamental topology, depicted in 
Fig. 6, is described by an equation structure containing two squared 
currents 

This equation structure is different from the basic “bipolar” equations 
(2)-(5). The topology of Fig. 6 actually consists of two loops of gate- 
bulk voltages. The first loop is formed by Ml, M2, MS, and Ms. 
The second by n/i,, MJ, M6, and Ms. 

A more complex equation structure with four squared currents can 
be obtained by inserting a bulk-connected pair between the gates 
of MS and M6 in Fig. 6, grounding the sources of these two extra 
transistors. The resulting topology is described by 

An equation structure with two cubed currents is also possible, start- 
ing with a loop of six gate-source voltages in up-down configuration, 
as in Fig. 5. This topology is described by 

I113 I5 173 

-=r I2 14 I6 

As a conclusion, using the back gate in MOS translinear circuits, 
new equation structures are realized, even within the limit of at most 
eight transistors. These additional equations increase the number of 
possible translinear solutions for the realization of a given function 
and might result in a more area-efficient realization because of their 
higher functional complexity. An application of the new equation (7) 
and some measurement results are described in the next section. 

VI. APPLICATIONS AND MEASUREMENTS 

A possible application of the general topology shown in Fig. 6 is 
a differential sine shaper. The sine function can be approximated by 

z s s 

9e-10 ] 

6e-10 

3e-10 

le-09 
Iin [A] 

Fig. 8. Measured output current of the sin(z)-circuit. 

a rational function [l] 

(10) 

Another way of writing this sine approximation is the implicit 
decomposition [4] 

1+z+x (l+c)2 =- 
l-z-x (1 - x)’ 

where z represents the output. This decomposition can easily be 
fitted on equation structure (7) by choosing 12 = Ib - Iout - Iii,, 
13 = Ib+Iout+Iin, 15 = Ib + Iin) 16 = Ib - Iin, and 
11 = 14. The sine shaped output current is obtained by 210ut = 
I3 - I2-2Iin. 

The circuit is depicted in Fig. 7. A breadboard version of the circuit 
was built to verify experimentally the results of the previous section. 
MT and MS are two simple floating voltage sources, which are used 
to keep MS and M4 in saturation for bulk voltages of less than 100 
mV. The supply voltages are f 1 V. The mismatch is quite large due 
to the breadboard realization. The average drain current mismatch is 
about 9%. As a consequence, the influence of the restricted validity 
of the simple drain current model (1) cannot be measured. 
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The measured output current is shown in Fig. 8. Simple current 
mirrors are used to supply the currents to the actual sin(z)-circuit. 
The gates of A& and hf6 in Fig. 7 are biased at 350 mV, the bias 
current Ib is 1 nA and the input current Iin varies from 0 to 2 nA. The 
drains of Ma and Ma are loaded by two 500 mV voltage sources. 
Despite the rather large mismatch the result is quite reasonable. 

The application of the general topology shown in Fig. 6 is not 
restricted to the example treated in this section. Many other functions 
will fit on the topology, which in fact is the main strength of 
translinear technology. 

VII. CONCLUSION 

Regarding the MOS transistor as a four-terminal device with a front 
and a back gate, translinear circuits were described which in some 
situations are more suitable for low-voltage applications. Also, it has 
been shown that the equations describing bipolar translinear circuits 
are not sufficient to describe all possible MOS translinear networks 
as well. Additional equation structures have been derived, which 
enlarge the number of possible translinear designs for a function to 
be realized, and might result in more area-efficient implementations. 
Measurements were performed which verify the theory, although 
they suffer from rather large mismatch of the transistors due to the 
breadboard realization. As a consequence, the influence on the circuit 
of the inaccuracy of the simple subthreshold model, which was used 
in the calculations, could not be measured. The measurements do 
show that the influence must be rather small. Further research on this 
point, both empirical and theoretical, will be performed. 

111 

PI 
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A Very Low Frequency, Micropower, Low Voltage 
CMOS Oscillator for Noncardiac Pacemakers 

Changku Hwang, Steven Bibyk, Mohammed Ismail, 
and Brian Lohiser 

Abstract-One of the most power consuming components of a modern 
noncardiac pacemaker is the oscillator circuitry. This brief details the 
design of a micropower, low voltage, low frequency oscillator consisting 
of CMOS devices operating in subthreshold. Since the frequency of a 
typical oscillator is proportional to Current/Capacitance, the operation of 
the transistors itrthe subthreshold region allows the size of the capacitance 
to be reduced significantly in addition to decreasing the quiescent power 
consumption. The proposed prototype oscillator was fabricated in a 2 
pm n-well CMOS process and occupies 0.281 mm2 including a 100 pf 
capacitor which takes 77.8% (0.219 mm2) of the total area. Experimental 
re&s show a frequency of oscillation as low as 0.3 Hz and a power 
consumption of around 0.24 PW at 0.3 Hz to 0.3 PW at 100 Hz with a 
2 V supply voltage. 

I. INTRODUCTION 

Recently, there has been considerable interest in developing exper- 
imental pacemakers for chronic testing of laryngeal nerves [l]. The 
difficulty in using cardiac pacemakers for these tests is the different 
parameters and potential closed loop control mechanisms that are 
needed for laryngeal studies. Thus, this brief describes the initial 
development of a set of CMOS VLSI circuits for noncardiac pacing. 
The main focus here is on the oscillator circuitry which must operate 
at a very low frequency. 

The modern noncardiac pacemaker must also be compact and long- 
lived to be implanted into the human body. By reducing the size 
of the capacitance and decreasing the quiescent power consumption 
(and hence the number of batteries required), these constraints can be 
attained. There are also many other applications which require a low 
voltage, low power oscillator as low voltage designs rapidly become 
more prevalent. 

Since the oscillator is the primary driving element in the entire 
circuit, it must be designed to minimize power consumption. In 
this brief, we have designed a CMOS oscillator operating in the 
subthreshold region in which the drain current of a MOS transistor 
is expressed as [2]-[5] 

W L I (Vg.-V,) 
I = 7 IDoe n*t (1) 

where IDO = 2K(nUt)2 
2 Ut = g, and n are reverse voltage 

saturation current, th&mal boltage, a:d slope factor, respectively and 
I- = pcox. 

As stated, two advantages are simultaneously achieved by doing so; 
first, the power consumption is significantly decreased, and second, 
the area of the capacitor (which is inversely related to the frequency) 
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