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Abstract—The design of a tunable high-frequency fully differ-
ential bipolar operational transconductance amplifier (OTA) is
presented. Techniques resulting in tunability and broadbanding
are discussed, as well as unavoidable tradeoffs resulting from the
lack of a vertical pnp device. Using an 8 GHz bipolar transistor
array process, the simulated —3 dB frequency of the OTA is
over 2.7 GHz, the maximum linear input range is 2.5 V, and
the power dissipation is 28 mW for a power supply of +5 V.
The OTA can also operate at a low power supply of +2.5 V.
Applying the OTA as a building block, the design of a third-
order elliptic OTA-C filter with cutoff frequency of 250 MHz
and tuning range from 200 to 290 MHz is presented. Analysis
of filter nonidealities, as well as predistortion and compensation
techniques, are discussed. Detailed SPICE simulations verify the
results of hand calculations and show that temperature variations
from —30 to +100°C and supply variations from 4.5 to £7.5
V change the cutoff frequency of the filter by less than 10%. The
(Q-factor can be electronically adjusted for all frequencies in the
tuning range.

I. INTRODUCTION

HERE is a growing interest in high-frequency continuous-

time filters. Applications include hard disk read/write
systems [1], [2] and digital video applications [3]. To date,
bipolar technology seems to be superior in this field, com-
bining high speed and good linearity with a proven and
inexpensive process [1], [2], [4], [S]. Recently, fast OTA’s
and filters in CMOS technology have also been reported [3],
[6]-[9], but their frequency range is still inferior to that of
bipolar designs. BICMOS technology has potential for yielding
faster filters than CMOS [10], [11], but it cannot match the
performance of bipolar technology as the latter has inherently
faster devices. On the other hand, chip area, and speed-versus-
power are much better in BiCMOS than in bipolar technology,
which makes BiCMOS particularly promising for analog and
mixed digital/analog applications. GaAs technology, although
theoretically much faster than bipolar, has not yet overcome a
number of obstacles [12]-{14], thus preventing it from yielding
applications that can take full advantage of its speed [15].
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This paper describes a high-frequency bipolar fully dif-
ferential operational transconductance amplifier (OTA) and
its application in designing a 250 MHz third-order elliptic
lowpass filter. The material is organized as follows. Section
II provides a brief overview of the technology along with
the parameters of key devices. Section III presents the de-
sign of the first and second stages of the OTA and of the
common-mode feedback circuit. Tuning, linearity, and input
and output impedances are discussed there. In Section IV,
practical issues of dc offsets, power supply rejection ratio
(PSRR), common-mode rejection ratio (CMRR), noise, and
dynamic range are discussed. Section V contains the derivation
of frequency response, stability, broadbanding, and excess
phase compensation techniques. In Section VI the design of a
fully tunable third-order elliptic OTA-C filter is demonstrated
as an application of the OTA. The analysis of the filter is
presented, taking into account nonideal effects caused by
parasitic capacitances, finite input and output impedances, and
excess phase of the OTA. Predistortion methods for meeting
the required parameters of the filter, and compensation for
enhancement of the quality factor @) caused by excess phase
of the OTA, are discussed. Fairly stable parameters of the
OTA and filter with respect to variations of power supply and
temperature justify omitting an automatic system for tuning @
and frequency.

II. BIPOLAR TRANSISTOR ARRAY PROCESS

For the prospective realization of the OTA and the filter, the
8 GHz Tektronix SHPI bipolar transistor-array process [16]
was chosen. The chip is prefabricated, and the designer’s task
is to place the circuit elements by selecting appropriate devices
and connecting them in two layers of metal. This approach
yields a high probability of successful design, since all devices
are designed and optimized beforehand, as is their placement
in the array. For simulation purposes, SHPI production models
are used. These models have been extensively tested and
were found reliable by Tektronix and its customers in many
applications. Since SHPI is a high-frequency process, both
devices and simulation models have been optimized to work
reliably up to GHz frequencies. The distributed nature of the
base resistance is not a major concern in the SHPI process,
and its effects have been modeled and accounted for properly.
Therefore, any adverse effects such as excess phase shift
due to the distributed nature of base resistance do not affect
the simulated bandwidth which is still within the range of
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Fig. 1. Fully tunable bipolar OTA. Either of the bias currents /g, g2 can made variable to allow tuning.
TABLE 1 for the OTA and filter are satisfactory and prove that such
TRANSISTORS obstacles can be overcome by careful circuit design techniques.
Parameter npn pnp Implanted resistors are available in 250, 1000, and 4000 2
fr 8 GHz 75 MHz sizes; the NiCr resistivity is 50 /0. NiCr resistors should
Ic, peak 1 mA 100 pA be used for all critical resistors in the OTA because of their
Bmax 100 45 superior absolute tolerances and temperature coefficient. Area
Va 2V 23V considerations limit their use to values less than 10 k2. Also,
o 246 Q 55 Q an important aspect of using NiCr resistors is that they can
Cao 39 fF 132 fF be laser trimmed, which allows the use of this technique to
Che 37 fF 28 fF replace an on-chip automatic frequency tuning scheme.
BV, 10V 9V Capacitors are available in maximum 3.1 pF sections, each
containing maximally 1.6 pF MOS and 1.5 pF junction capac-
itance. Contrary to the junction capacitance, MOS capacitance
TABLE II is a weak function of temperature; therefore, for the OTA
RESISTORS : i
design only MOS capacitances are used.
Parameter Implanted Thin-Film
tolerance 2% 12% A. Transconductance Cell
matching 1% 1% Th h e di ¢ th d L
TCR (ppm/°C) 1300 <+150 . e sct zm'atlcF . 1ag1ra1;1vh of the 'ttransco‘nt uct;mtcc ampli t:[‘
Capac. @0 V 6 {F 0,055 fF/um? is presented in Fig. 1. The circuit consists of two current-

good accuracy of the model. Thus, simulation results of VFH
designs in SHPI are deemed accurate and reliable.

The devices available on the chip include npn and lateral
pnp transistors, implanted and thin-film NiCr resistors, as well
as composite MOS-junction capacitors. The parameters of the
devices are shown in Tables I and II. The process is lacking a
vertical pnp device, which puts limitations on the obtainable
results and complicates the design. A lateral pnp device with
75 MHz unity gain frequency and Ic peqr = 100 pA is
available. In spite of these limitations, the achieved parameters

coupled differential pairs. Transistors ()1, Q2 in the inner pair
are biased from the tail current source Iz; and work with a
local series feedback formed by the resistors R; and diodes
()3, Q4. This results in the desired wide linear range of a
maximum of £2.5 V. Transistors @4, (Js in the outer pair are
biased from the separate tail current source Igo. Either of the
currents Ig;, Ip2 can be made to vary to allow tuning the
transconductance g,,.

The bipolar process has low Early voltages which results
in fairly low output resistances of transistors (4, ¢J5 and
Q9, Q0. To improve the output resistance of the OTA, a
cascode output stage with transistors @7, s is used. A high
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output impedance of the pnp loads is achieved by emitter
degeneration in transistors Qg and @19. For the lateral pnp
transistors working with relatively high current levels, this
solution proved to be superior to cascode sources as far as
output impedance, temperature behavior, noise, and output
parasitic capacitances are concerned. Note that if a lower
current level in the output stage can be tolerated or vertical
pnp devices are available, the output impedance can be
substantially improved by applying cascode loads.

B. Transconductance

With increasing emitter degeneration, the linear range of the
input stage in Fig. 1 is extended for the price of a decreased
transconductance value. Noting that the i — —vpg relation-
ship of a forward-biased transistor is ic & Is exp (vBe/Vr),
where Ig is the saturation current, Vr = kT'/q is the thermal
voltage, and assuming gm3 = gm:1 and gm1R1 > 1, the
transconductance of the input stage is

. _Oicr _ gm1 o~ L
ImL = B 22+ gmi1R1) ~ 2R;’

M

The transconductance g,,1 of transistor Q1 (or (J2) can be
directly related to its bias current as

_ Oicr _Ion _ Im
Gm1 = aVBEl VT ZVT'

From (1) it follows that because of using emitter degen-
eration, g}, is approximately constant and no tuning of the
first stage is possible. In order to implement electronic tuning
of the transconductance, a second stage is introduced. As
seen from Fig. 1, transistors Q3 and @5 have different bias
currents, but there is a current signal path from Q3 to Qs. The
transconductance of the second stage is equal to that of Q5
and can be written as

@)

_ Yics _Ios _ Ipx

Gms OVBES \%% o2Vr

Neglecting the base current of @7, the total transconductance
gm is defined by

3

Z’out‘ aiCF}
m = = . 4
I Vin  OUin ®
With (1)-(3), (4) can be expressed as

., Oics _ dics OvpEs dica

Im S v Ovpms Ovin dicn
_ Oic1 Bics/9vBEs _ gt dms )

Win, Bica/OvBEs " Gma

where I, & I3 was applied, and it was noted that dvpgs =
Ovggs because the emitter nodes of both Q3 and ()5 are at
ac ground. Thus it follows with (1) and (2) that the total
transconductance equals

1 Igs 1 @
T 2R1Ics 2R Ip
which indicates that either of the currents Ig;, Ig2 or both

can be used for tuning g,,. The best results for high output
impedance and stability of Voyr with tuning, temperature,

Im (6)
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Fig. 2. Transconductance of the bipolar OTA in Fig. 1 as a function of V;;,,

and bias current I as parameter. Ry = 5750 (2.

and supply variations are achieved when Ig; is fixed and Ig;
is varied, because the current gain (3 of lateral pnp transistors
falls quickly with increasing bias. This in turn lowers their
output impedance [see (9)], which results in degradation of
quality factors of any filter built with the transconductor. For
the same reasons, a stable dc level is achieved when Igs is
fixed. On the other hand, as shown in Section V-D, the phase
compensation scheme demands fixed bias conditions in the
input stage. Therefore, for tuning a VHF filter, Ig» should be
varied with fixed Ig;. The results of SPICE simulations for
tuning of g,, are presented in Fig. 2. Observe from (6) that
gm can readily be made insensitive to temperature dependence
and certain process tolerances of Ry by making Ig; inversely
proportional to a resistor of the same temperature coefficient as
R1; g then depends only on a resistor ratio, the temperature-
independent control current Igo, and a supply voltage.

It should be noted that scaling emitter areas of transistors Q3
and Qs allows higher and lower values of g, to be obtained
via ~

1 AsJes . kAJes .k
9m = 3Ry Asdos U™ TAJes ™

where §,, is the transconductance after scaling; As, As are
the emitter areas; A is the area of the smallest npn device;
Jos, Jos are the emitter current densities of ()3, Q5; and
k, | are scaling factors. Note that in order for this equation to
hold, the current densities before and after scaling should be
preserved, which means that the base-emitter voltages should
not change; this in turn demands changing the bias currents
Ig: and Igy in accordance with the ratio of k/Il. It seems
that the same effect could be obtained without area scaling
simply by scaling the ratio of bias currents. The difference is
found in the resulting acceptable linearity error which limits
the ratio of bias currents Ig;, Igs to a maximum of about
two. This range can be substantially extended with scaling.
However, if minimum-size devices are used in order to achieve
the maximum frequency response, the price of scaling is
the introduction of more capacitance and thereby reduced
bandwidth. An additional problem with this approach to high
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values of g, is the limited current that can be delivered by
the lateral pnp devices which practically limits the maximum
value of g,,.

C. Input and Output Impedance

Ideally, a transconductor should have infinite input and
output impedances. For practical designs, they must be kept
as high as possible as they lower the quality factors of the
integrators and filters built with the OTA. In the present
case, the differential input impedance for low frequencies is
increased by the emitter resistors F; of the input transistors

Q1, Q2 as

Rin = 2[rri(1 + gm1R1)] = 261 Ry (3

where 7,1 is the input resistance of Q1 and r;1g9m1 = F1.

The differential output conductance is a sum of the output
conductances of the cascode configuration (@5, Q7 and Qg,
Qs; the load devices (Qg, (19; and the common-mode feedback
(CMF) circuit to be discussed below. The differential output
conductance for low frequencies is given by

Gout:1/27‘7+1/27‘9+1/27‘CMFN]./Z’I‘g (9)

where 7 & (77,7 is the output impedance of the cascode
stage Qs — Q7; 79 X Tog[l + gmo(rrol|Re)] & Tog(1 + o) is
the total output impedance of the load pnp transistor Qg with
emitter degeneration; r,7, r,9 are the output impedances of
transistors @5, 7; and ropp is the input impedance of the
CMF circuit given by ropr & 11 R11. Note that increasing
resistor Rg above a certain value does not affect rg because
Tr9 = Bo/gm9 < Ry, due to the low value of beta of pnp
transistors. In order to assure high output impedance of the
OTA, the input impedance of the CMF circuit 511 R11 should
be high enough to satisfy the condition rcarr > r9. In such
a case, the total output impedance is primarily limited by the
impedance of the pnp load.

D. Linearity and Dynamic Range

With the use of emitter degeneration, the linear range is
extended from +V7 to a maximum of 2.5 V. The maximum
linear range could be wider except for the need for the cascode
output. The linearity of the transconductance is indicated in
Fig. 3; the linearity error ¢, defined as

Iout - gm(O)‘fzn
= =222 100%
9m(0)Vin

is less than $0.33% in the range £2.35 V. I, is the output
current, g,,(0) is the value of g, for the input voltage V;,, =0
(see Fig. 3).

The linearity of g, is primarily a function of R; since by
neglecting the base currents of transistors @1, @3 and Qs, the
expression for g, with (1) and (6) can be written as

15 1 1 I L1 1
m 2132/gm+R1 - 2]32VT+11R1 ~ 2I3R1-
(1D
From (11) it follows that linearity is assured if the voltage
drop I1 Ry > 2Vr. In practice, it means that for I; ~ 0.5

(10)

g
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Fig. 3. (1) Linearity error € of the bipolar OTA in Fig. [ as a function of
Vin; and (2) dc transfer curve of the output current Joy¢ for Ry = 57502,

mA, R; needs to be greater than a few hundred ohms. For
the maximum linear range of +2.5 V, R; = 575042 This
value must be decreased for the realization of a VHF filter
if the value of g,,, that is proportional to 1/R; and sets
the maximum cutoff frequency, is to be increased, indicating
a trade-off between obtainable linear range and bandwidth.
An additional nonlinearity is caused by the nonlinear relation
B(ic) in the current mirror Q3 — @Qs; but since its direction for
certain bias conditions is opposite to the one caused by vpEr:1
and vpgs, it may improve the total linearity of gp,.

The linearity of an OTA can be expressed in terms of
total harmonic distortion (THD). In a fully differential design,
the second-order harmonics cancel, and simulated THD for
R; =400Q equals 1% for V;;, = £160 mV differential input
voltage at a frequency of 1 MHz. Of course, dc offset can cause
the linear input range to shrink, as the cancellation of second-
order harmonics will no longer be perfect. The maximum
simulated input voltage for THD < 1% is V;,, = £2.4 V ata
frequency of 1 MHz with Ry = 5750 (2.

The practical measure of performance of an OTA in an
analog signal processing system (ASP) is its dynamic range
(DR) defined as

Vmaz

(12)

DR = 20log

v2

ni

where V., is the maximum undistorted rms value of V;,, for

which THD = 1% and 1/v2, is the simulated rms value of the
input-referred noise integrated over the bandwidth Af of an
application. For R; = 400 € and Af = 250 MHz,

113Mvy s

= ————— = 50dB. 13

DR = 20log 3520V e (13)

For a lower frequency application, with By = 5750 and

Af = 20Mhz,

1697TMvVyms

= log—————— = 65dB. 14

DA = 108 G600V (9
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TABLE III

VouT VARIATION
Parameter Range Vour
load 1 to 100 k2 ~ 0 mV
tuning g 400 to 700 & A ~0to -2 mV
tuning Ipo 800 to 1100 A —10to +5 mV
temperature =30 4+100° C —23to +5 mV
power supply +4.5to ¥7.5V —31to +47 mV

The main noise contributors of the OTA are the current mirrors
@3 — Qs and Q4 — Q. Because the input stage works as
an emitter follower with a voltage gain A, = 1, the noise
contribution of the current mirrors is seen directly at the
OTA’s input. By including small emitter degeneration in these
mirrors, the DR can be improved by few decibels for the price
of reduced tunability.

E. Common-Mode Feedback (CMF) Circuit

The circuit on the right of Fig. 1 is a modification of prior
designs [17]-[19]. Each of two differential pairs—Q1;, Q13
and @12, Q14—senses the output voltage and compares it to
ground. The outputs of the two pairs are tied together in such
a way that the differential signals cancel. On the other hand,
the common-mode gain is high due to the active pnp load
composed of devices @15, Q16- This brings up the stability
issue for the CMF circuitry to be discussed separately in
Section V-D. A strong negative feedback is set up between
the output Viz of the CMF circuit through the pnp load Qg,
@210 back to the output nodes of the transconductor in Fig.
1. Therefore, a stable dc output level with changes of load,
tuning, temperature, and power supply is achieved.

Table III shows the result of the CMF scheme; its modifica-
tion from [19] worked toward assuring stability in connection
with high input impedance, wide dynamic range, low power
consumption, and stable output voltage with temperature and
power supply variations. It is obtained by using npn and
pnp devices with emitter degeneration. The input transistors
11, Q12 achieve very high input impedance without using a
Darlington stage, but using emitter degeneration instead. The
linear CMF range of this configuration is adequate for the
dynamic range of the OTA.

III. dc OFFSETS AND PSRR

The effects of dc offsets in a transconductor are modest since
input voltage errors are transmitted to the output current with
small gain. Offsets are further reduced by the CMF circuitry
discussed above. If an OTA-C filter has no transmission at
dc, offset effects are negligible. For a lowpass filter with dc
transmission, the output offset voltage is drastically reduced
by the fully balanced topology along with the CMF circuitry.
The current offset is not dangerous as long as the differential
structure of the OTA is able to cancel distortion resulting from
the mismatches in both sides of the amplifier.

An OTA working as a part of an ASP system has to be
made immune to noise on the power supply lines. Especially,
if digital or sampled-data circuitry is integrated on the same
chip, the power supply noise coupling into the signal path can
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TABLE IV
SPICE SMULATED ONE-SIDEDPSRR
Parameter PSRRt PSRR ™
low f 91.8 dB 1224 dB
f_5dB 3.12 MHz 829.5 kHz
PSR 5.9 dB 5.3 dB
250 MHz 26.7 dB 28.5 dB
us-2

Fig. 4. Half-circuit for frequency analysis of the OTA. Rg, Cs are the
output resistance and capacitance of the pnp source Ip; Rps and Cpy are the
input resistance and capacitance of the CMF circuit.

substantially decrease the S/N ratio of the system. PSRR is
defined [20] as

PSRR(s) = 2((33))

where A(s) is the signal gain and A,(s) is the power gain
of a loaded OTA. Since A,(s) increases at relatively low fre-
quencies and then stabilizes at a certain value called 1/PSR,
this low value is important for high PSRR at high frequencies.
The simulated one-sided PSRR of the OTA in Fig. 1 from the
positive and negative supplies is shown in Table IV.

From (15) it follows that high PSRR depends on the high
signal gain and low power gain. Ideally, an OTA should have
the same PSRR bandwidth as a realized ASP chip. Since the
OTA under discussion has a wide bandwidth, it preserves the
ability to reject power supply noise at the cutoff frequency of
the filter.

(15)

IV. BANDWIDTH EXTENSION AND COMPENSATION

Because the OTA cell is fully differential, the analysis of
its frequency response can be performed using the concept of
the half circuit shown in Fig. 4. The OTA works in current
mode, i.e., the signal to be processed is current. The signal path
of the OTA includes four different transistor configurations:
common-collector, a diode (impedance transformer), common-
emitter, and common-base; the signal current is then directed
to the output.

A. Frequency Response of the Input Stage

The input transistor Q; works as emitter follower with
emitter load R;, but with no collector load R¢. Therefore,
the Miller capacitance Cjsy given by

Cu1 = (14 gmiRc)Cu1 = Ca (16)



























