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ABSTRACT

This article presents a design methodology for the most sim-
ple cascode transistor’s bias circuit, i.e. a diode-connected
transistor, valid from weak to strong inversion. By taking
advantage of a compact MOS transistor model, we show how
the circuit can be easily designed to precisely fix the drain
voltage of the cascoded transistor just above its saturation
voltage. Test circuits were manufactured in a 0.35um CMOS
technology in order to test the design methodology under
different operation regions (weak, moderate and strong in-
version) and for long and short channel transistors. Stan-
dard deviation in measured drain voltage of the cascoded
transistor is below 3% of its mean.
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1. INTRODUCTION

Cascode stages are widely use in different circuits to boost
gain in amplifiers or to obtain a higher precision on cur-
rent mirrors, without adding new current-consuming stages.
However due to the inevitable loss of dynamic range, it is
important to have bias circuits that maximize it. Usually,
this means that the bias circuit should bias the cascode tran-
sistor in such a way that the cascoded transistor is biased
on the edge of saturation.

Many circuits and design methodologies have been intro-
duced in the past to solve this problem, and more recently,
to solve it in all the regions of operation [1-3]. However,
most of them use relative complex circuits which usually
sacrifice area or consumption.
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This article will show that the most simple bias circuit,
a diode-connected transistor (gate connected to drain), is
enough. It can be sized to precisely bias a cascode stage in
any inversion level and, at the same time, have maximum
dynamic range.

Although this technique is useful with any cascode tran-
sistor, we will take current mirrors as an example to explain
and test it.

2. ACM MODEL AND SATURATION
VOLTAGE

In order to design a circuit that fixes the drain voltage of
a transistor just above saturation voltage, we need a tran-
sistor model with simple expressions for the voltage-current
relationship. These expressions and they derivatives should
also be valid in all regions of operation. The ACM Model [4]
is a physics-based model which complies with all these re-
quirements. In it, drain current is expressed as:

Ip =1Is(iy —ir) (1)
where 4y(,) is the forward (reverse) normalized current and
Is is the normalization current:

1 w
Is = 5”/10096(75%7 (2)

Here n is the sub-threshold slope factor, slightly dependent
on Vg, and p, Cog, ¢, W and L have their usual meanings.
In forward saturation, drain current can be approximated
as

Iszsif (3)

where iy > 1 means strong inversion and ¢y < 1 means
weak inversion.
Pinch-off voltage is usually expressed as:
Vo -V
Vp = /G 0 (4)
n
and its relationship with the direct (reverse) normalized cur-
rent and source (drain) voltage is

Ve — Vspy = ¢ f(ifr)) (5)

where

fligr) = V1 +ise) =2+ (/T +ipe) — 1) (6)
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Figure 1: Proposed bias circuit for a cascode config-
uration.

We will define saturation voltage as in [1]. There, the
authors define the “maximum” gain of a common-gate am-
plifier as:

A= 9ms (8)
gmp

where gmg(p) is the source (drain) transconductance, which
in the ACM model is expressed as:

21 :
gms(p) = QTTS (V1+ise —1) (9)

Therefore, using (7) we can write the saturation voltage,
Vbssat, as ( [1,4]) the Vpg voltage in which we achieve a
certain ratio A > 1 between source and drain transconduc-
tance:

%:m(/xw(l—%) (Vitir-1) o

VDSsat ~1n (A) +
or

Using (5) its easy to see that this expression tends to the
usual values, either on strong inversion (i > 1, Vpgsat =
(Vas — Vr)/n) or in weak inversion (iy < 1, VbDSsat
4...5¢7). But, what is more, this expression comes very
handy for analog designers, since inversion level, voltage gain
and dynamic range are typical parameters in any design.

T+i;—1 (11)

3. BIAS CIRCUIT DESIGN

The bias circuit should fix the gate voltage of the cascode
transistor in such a way that the transistor connected at its
source works in saturation. However, since this could cause
a serious reduction in the dynamic range, there is a trade-off
on the value of the gate voltage.

The most simple circuit to generate this voltage is a diode-
connected transistor, such as M3 in Fig. 1. This circuit
is certainly not new, however it is seldom used due to its
allegedly loss of dynamic range due to the lack of control
over voltage Vpi. We demonstrate that it is possible to
size transistor M3 to precisely fix voltage Vpi1 near M1’s
saturation voltage, independently of the operating region of
any of the transistors.

Let I, and Iy/k be M2’s and M3’s bias current respec-
tively. Therefore, according to equation (3) we have

Ipz _ . ip2(W/L)

Tos ~ F = G/, (2
and thus
if3 = Ug% (13)

With the help of equation (5) we can express the pinch-off
voltage in transistors M2 and M3 as

Ve = Vp1 + o1 f(if2) (14)
Vs = ¢rf(iss) (15)

where f(if) was defined in equation (6).

Here we should choose if3 such that Vp; lies above M1’s
saturation voltage Vpssat1 by a safety margin AViargin.
Therefore,

Vb1 = Vbpssat1 + A‘/’ma'r'gin (16)

Now, to relate equations (14) and (15) we will use the fact
that Vg2 = Vg3 and therefore Vps = Vps (VT()Q = VT03).
Thus, if we equal equations (14) and (15) and substitute
Vb1 and Vpgsar1 with equations (16) and (11) respectively,
we obtain the following design equation:

VIitigs—/1+ip—/1+ip+...

VItips—1 . 17
, + i3 _ln(A) _ 14 AVimergin (17)
VI+ip—1 1

where iy, is the inversion level of transistor Mi.

If we take M1 and M2 as already sized following other
considerations such as speed or gain, then, we may define
the following design methodology for transistor M3. First,
we define AViargin according to specifications and factor
k according to the power budget. Then, we find numeri-
cally the inversion level of transistor M3 that complies with
equation (17). Finally, with equation (13) we get (W/L)s.

It is important to point out that both equations used in
this design methodology are independent of the technology
parameters as long as transistors M2 and M3 have the same
Vro. However, this assumption, might be wrong as we will
discuss in the following example.

Let’s consider the cascode current mirror in Figure 2,
where for the sake of simplicity M1 and M2 are considered
identical (if1 = iy2). From equation (13) we define factor
« as the ratio between the inversion level of transistors M2
and M3. This is analog to the a factor defined in [1].

_ifs _ (W/L)2

T if  k(W/L)s (18)

It is also clear that a gives us the ratio between (W/L) from
transistors M2 and M3, taking into account current factor
k.

Using equation (17) we can see in Figure 3 how the «
factor varies with respect to the inversion level of transistors
M1 and M2 (is2) for different values of A.

This Figure gives us a graphical idea of equation (17) and
allow us to foresee that in many design situations we will find
us with (W/L)2 > k(W/L)s. This implies that as long as
we keep k > 1 in order to limit current consumption, we will
have very different transistor’s geometries, and therefore the
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Figure 2: Cascode Current Mirror.
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Figure 3: a = ;57775 as a function of ify(=is1) when
A varies.

constant Vo assumption falls, specially when we consider
short channel technologies.

To avoid this problem, we will build transistors M2 and
M3 through series and parallel associations of a unitary tran-
sistor (Muni) [5]. For the sake of simplicity, we will take M1
and M2 identical again. Thus, as we can see in Figure 4,
M1 and M2 will be formed by M parallel Muni transistors
and M3 will be formed by N series Muni transistors.

We will show that this will allow the design methodol-
ogy to be truly independent of transistor’s Vrg, and there-
fore we can extend it to short-channel transistors as long
as they have an output conductance small enough to reach
the common-gate gain (A) considered in the definition of
Vbssat- The influence of other second order effects is also
attenuated thanks to the matching of unitary transistors.

4. TEST CIRCUITS

To test the design methodology introduced on last section,
we present four test circuits designed in a standard 0.35um
CMOS technology. All circuits have the same topology seen
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Figure 4: Series/Parallel association of transistors
M1,M2 and M3

Muni

Muni

Muni

L=5 L=0.35
WI |MI| SI | WI

I (pA) 0,05 05 | 5 0,5

Munt(W/L) | 1/5 | 1/5 | 1/5 | 0,5/0,35

M 3 | 3| 3 1

N 25 | 7 | 3 18

Vbi(mV) 262 | 332 | 541 | 262

Table 1: Test Circuits Design

on Figure 2. The first three use Lyyn; = 5um transistors and
they have M1 and M2 biased in the verge of weak (WI, iy =
1), moderate (MI, iy = 10) and strong inversion (SI, i =
100). The last test circuit use Lyun: = 0.35um transistors to
test that series parallel association of transistors truly makes
this design methodology insensitive to short channel effects.
This last circuit has M1 and M2 biased in weak inversion
(WL, if = 1). Table 1 shows the sizes and bias current of
transistors and the expected Vp; voltage.

The design specifications were as follows: AViargin =
5¢r and Vpsser defined with A = 100. In all cases we
considered k = 1.

5. RESULTS

Figures 5, 6 and 7 show the measured output character-
istic of the Lyni = 5um cascode current mirrors (CCM)
in weak, moderate and strong inversion respectively. Please
note that the figures show a zoom of the characteristic around
the saturation region. Each Figure also shows the output
characteristic of the same current mirror without the cas-
code transistors (Simple Current Mirror, SCM). Finally, we
show the evolution of voltage Vp1 when Voyr varies. We can
clearly see in all cases that the equivalent saturation volt-
age of the cascode current mirror corresponds to the Vour
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Figure 5: Cascode Current Mirror (CCM) and Sim-
ple Current Mirror (SCM) measured output charac-
teristic when operating in WI (L = 5um). In dashed
line, measured Vp; as a function of Voyr.
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Figure 6: Cascode Current Mirror (CCM) and Sim-
ple Current Mirror (SCM) measured output charac-
teristic when operating in MI (L = 5um). In dashed
line, measured Vp; as a function of Voyr.

voltage where Vp: turns constant. It is visible that this
equivalent saturation voltage corresponds approximately to
twice the saturation voltage from the simple current mirror.
This agrees with the fact that we are using transistors of the
same size for M1 and M2.

Figure 8 shows a similar behavior on the experimental
results of the short channel current mirrors, which means
that the methodology holds where short channel effects are
not negligible.

Last, Figures 9 and 10 show the behavior of voltage Vp1
in different samples of the same run. We measured Vp1 volt-
age for Voyr = 2V over 10 samples. Figure 9 shows that
Vp1 is always above the design value. Also, to find out the
relative variation in each case, we normalized Vpi with re-
spect to the mean in each measurement. This is presented
in an histogram on Figure 10, where we can see that the
maximum error is less than 8% and that the standard de-
viation is 0 = 2.58%. Therefore, all circuits fall between a
30 interval of the mean. What is more, we can appreciate
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Figure 7: Cascode Current Mirror (CCM) and Sim-
ple Current Mirror (SCM) measured output charac-
teristic when operating in SI (L = 5um). In dashed
line, measured Vp; as a function of Voyr.
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Figure 8: Cascode Current Mirror (CCM) and Sim-
ple Current Mirror (SCM) measured output char-
acteristic when operating in WI (L = 0.35um). In
dashed line, measured Vp; as a function of Voyr.

in Figure 9 that the short channel current mirrors show the
largest dispersion, which is in complete agreement with the
fact that mismatch is inversely proportional to gate area.
Future works include measurements on more samples and a
mismatch analysis on the circuit to compare with the exper-
imental results.

6. CONCLUSIONS

In this paper we presented and validated a design meth-
odology to bias high output swing cascode stages with the
most simple bias circuit: a diode-connected transistor. The
proposed methodology is valid for any level of inversion of
the transistors of the circuit. This work proves that a diode
connected transistor is apt to replace more complex cascode
bias circuit previously reported with gains in terms of area
and consumption.

We used a layout based on series-parallel association of
unitary transistors which allowed us to extend the design
methodology (obtained from a long channel transistor model)
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Figure 9: Vp; measurements for Voyr = 2V in 10 dif-
ferent chips and compared against its design value.

to short channel transistors where V¢ variations with tran-
sistor’s aspect ratio are much more important.

Experimental results validated the design methodology
proposed and proved to be consistent along different samples
from the same run.
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