Design considerations for monolithic integrated atten-
uators are discussed. A multi-output active attenuator
which has a very high input impedance and low distortion
over a wide range of input voltages is introduced. System-
atic attenuator design methodologies are given.

Experimental results based upon fabrication of test
structures in a standard 3y p-well CMOS process are pre-
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ABSTRACT

JI. Attenuator Design

sented. Experimental results show that the nonlinear error
in an attenuator with attenuation factor n=~0.1 is under
0.53% for inputs between 2V and 10V when biased with

a single 10V power supply. When excited with a 4 V p-p
sinusoid, the THD of the signal on all attenuator outputs
was less than 0.15%.

Attenuators find numerous applications in discrete elec-
tronic circuit design. Some of the most notable are in data
converter and feedback amplifier design as well as in sig-
nal level shifting requirements in which the signal swing ¢
at the input of a circuit must be kept small to avoid satu-
rating internal amplifier stages. In these applications, the
attenuators are generally required to have exacting specifi-
cations either in terms of very good linearity and/or a high
input impedance. These exacting specifications can be eco-
nomically obtained in discrete applications with standard

low-cost resistors.

1. Introduction

Although resistors can conceptually also be used to
build attenuators in monolithic applications, they have not
proven practical for several reasons. First, the silicon area

required to get the resistance sufficiently high to have an
attractive input impedance and power dissipation is gener-

ally too large to be practical. Second, nonlinearities associ-

ated with diffused resistors are high and finally, distributed
parasitics may cause an undesirable frequency dependence.

A multi-output active attenuator is presented here
which has nearly infinite input impedence, good linearity
and good high frequency performance.
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It can be shown that if My, ...
the same process with the same zero-bias threshold volt-
age, Vro, then the proper mode of operation of all transis-
tors will be maintained provided V; satisfies the inequality
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Fig. 1. Multiple~Output Active Attenuator

Vo, < Vi< Vg + Vo,
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An activevoltage attenuator with n outputs is shown
in Fig. 1. This structure is an extension of the single-
output attenuator used as the input to a transconductance
amplifier introduced by VanHorn [1, 2]. It can be shown
that this circuit performs as a multi-output attenuator pro-
vided My,....M,, are operating in the ohmic region and
M, 11 is operating in the saturation region.

.M, are fabricated in
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where Vp, and Vr, ., are the threshold voltages of M; and
Mn+1-

The relationship between the exicitation, V;, and the
multiple outputs of the attenuator will be derived under
the assumption that channel length modulation effects are
negligable (A = 0) and the threshold voltages of My, ... Mp 11
are all matched and equal to Vr.

Consider the cascade of k MOSFETS with a common
gate as shown in Fig. 2. If all devices are asssumed oper-
ating in the ohmic and are modeled by the equation

Ip, = K'B; (2[Vas; — Vr] — Vps;) Vps; (2)
for 1 < j < k, where 8; = W;/L;, then this cascade is
equivalent to a single MOSFET modeled by the equation

Ip = K'Beq (2[Vas — V] — Vbs) Vps (3)

where Vgg and Vpg are as labeled in Fig. 2 and
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Fig. 2. Cascade of k MOSFETSs

If transistors My ... M in Fig. 1 are now grouped together
as are Mg,y to M, to form the equivalent MOSFETs Tk
and Qj respectively, then if only the attenuator output
voltage Vj is considered, the circuit of Fig. 1 can be mod-
eled by the three transistors of Fig. 3 where the effective
length/width ratio of Qx and Tk, Bk and BTk, are given
by the expression

1
B = Fn = L-1 (5)
o Ej.-_:k+1 ﬂj !
1

S — 6
S (6)

Bk =

The three transistor equivalence of Fig. 4 is valid for
1 <7< n-—1. By extension of the work of Van Horn [1]
it can be shown that the output voltage for the circuit of
Fig. 4, Vn, relates to Vi, Vin and Vpp, by the expression

1 / 1
Va = (V;n - VT) 1- 1 [ Vk\/_———ﬁn+x (7)
+ For 1+ For

for 1 € k €< n — 1. This equation can be solved for ¥} to
yield

Vi = (Vin — V1) [1—\/1+ﬁ"—+1
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Fig. 3. Circuit Equivalent of Attenuator in Fig. 2 for
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Determining V, , 1<k <n.
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Fig. 4. Circuit Equivalent of Attenuator in Fig. 2 for
Determining V,.

It remains to obtain an expression for the voltage Va-
To obtain V,, consider the two-MOSFET circuit equiva-
lent to that of Fig. 1shown in Fig. 4 where the width/length
ratio of the equivalent transistor, @,, is given by

1
o= Tm Tt 9
ﬂQ Ej=1 ‘6]' 1 ( )

This equivalence applies if V,, is the only output variable
of interest. Note that (9) is just an extension of (5) to
include the index variable k=0. It thus follows from (7)
that
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which is an extension of (7) to include the index variable
k=0 provided V, is defined to be 0. Combining (8) and
(10) we thus obtainfor 1 <k <n—1

n 1
Vi = (Vin — V1) |1- 14 Bt -
Bor \[ 1+ G5

From (10) and (11) it can be seen that the taps at all
attenuator outputs relate linearly to Vi, and that the input
offset voltages are all identical and equal to V.

If we now define the attenuation factor from Vin to
the output Vi by n, it follows from (10) and (11) that

(12)

1

Brnt1
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Brt1
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1+ﬂn+1 1<k<n-1 (13)
Bqo

ne=1-

Thus (11) can be rewritten for 1 < k < n as

Vi = (Vin — V1) 7k (14)

Design equations for sizing the devices (i.e. determin-
ing 1, wfBny1) in the active attenuator will now be de-
rived. Assume 71,:..7n aI€ the desired attenuation factors
where 71 < 72 < ... < 7. From (12) and (13) we obtain

2
1—9
1 (1—71’,1) -1

0<k<n-1  (15)
Bak Br+i

where 7, is equal by definintion to zero. Substituting (5)
into (15), one obtains a set of n simulataneous equations in
the n-+1 variables By, ...0n+1. In this case these equations
are sufficiently decoupled to obtain the simple solution
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1— 2
B8, = ______——————ﬂ"“(z 7n) _ 1<k<n  (19)
(1= me—1)? — (1 = &)
The design strategy is thus to size Mp+1 conveniently thus
establishing fBny1. The balance of the devices are sized
according to (16).

11I. Design Example

An attenuator circuit based upon the circuit of Fig.
1 was designed to give 6 outputs of 1V, 2V, 3V, 4V, 5V
and 6V with an input of 10 V in a process with a design
center of Vo = 1V. From (14) and (16) this corresponds
to the attenuation factors given in Table 1. This circuit
was fabricated in a standard 3u p-well CMOS process.

The measured dc transfer characteristics for Vpp =
10V are shown in Fig. 5. The linearity of the attenuator
is quite good.
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Fig. 5. Transfer Characteristics of Active Attenuator.

The actual nonlinearities of the attenuators cannot be
determined from the plot in Fig. 5. The nonlinear errors
and the THD are meaningful methods for characterizing
the nonlinearities which may exist in the attenuator. The
measured nonlinear errors of the attenuator are shown in
Fig. 6 where the error is measured relative to a least—
squares linear regression on the measured data and is ex-
pressed in % relative to a full-scale input range of 2V to
10V as defined by the equation

r ACTUAL SIMULATION | ATTENUATION | MEASURED
DEVICE SIZES LEVEL 1 LEVEL 2 ATTENUATION

Wy, =60u L1 =60u
W,=17Tp Lz =15 | 11 =0.1179 n = 0.1131 n1 = 0.1031
Wa=17p Lz=13u | 1n2=02334 N9 = 0.2221 1 = 0.2086
We=17Tp Ls=11p | n3=0.3490 13 = 0.3305 ng = 0.3239
Ws=30u Ls=16p | ns=0.4651 na = 0.4378 na = 0.4181
We=20u Lo =8 n5 = 0.5867 ns = 0.5494 ns = 0.5270
W, =19 Lr=8u ne = 0.7043 ne = 0.6512 ne = 0.6172

TABLE 1 Attenuation Factors and Device Sizes Used in Design Example
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Fig. 6. Measured Nonlinear Errors of Active Attenuator.

Emeas (V; = Vi |v;

€ =
VimeasViz10v = Vi, [viz2v

% 100% (17)

Although the curves correspond to errors on special out-
puts, they are not labeled since all have comparable non-
linear errors. The maximum full-scale errors over the in-
put range 2V < V; < 10V corresponding to the outputs
V1,...Ve are -0.53%, -0.45%, -0.42%, -0.39%, -0.34% and -
0.32% respectively. If the input range were restricted from
2V to 8 Voor from 3 V to 7 V as the full-scale input range,
the maximum measured full-scale errors among the six
outputs are 0.38% and 0.20% respectively.

The simulated frequency response of the active atten-
uator appears in Fig. 7. The performance is quite good
up to 1 MHz. Instrumentation parasitics make it difficult
to accurately measure the frequency response of the test
structure experimentally. The results presented in Fig. 7
should, however, reflect what will be experienced when this
attenuator is used internally in monolithic applications.
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Fig. 7. Simulated Frequency Response of Active Atten-
uator.

The dynamic range of one of the outputs relative to
a signal at 1% THD over the band (1KHz to 1MHz) was
measured at 94.8 dB.

IV. Conclusions

A new multi-output active attenuator was introduced.
The attenuator has nearly infinite input impedance. De-
sign equations for designing attenuators with any number
of outputs and an arbitrary set of attenuation factors were
presented. The linearity of the attenuator is good over
a wide range of inputs and the noise characteristics are

attractive.

A test structure was fabricated in a 3u p-well CMOS
process. Experimental results were presented which veri-
fied the linearity of both the active attenuator and finite
gain voltage amplifier. For an attenuation of n = .1, the
nonlinear errors were well under 1% for an 8V input volt-
age range. The THD for a 4V p-p sinusoidal excitation
was under .15% for all attenuator outputs.
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