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Abstract

A low-voltage high-linear bipolar OTA and its application to IF bandpass filter for GSM cellular telephone are
presented. The OTA consists of a low-voltage linear transconductor, a translinear current gain cell, and three current
mirrors. The bandpass filter is composed of two cascaded identical second-order bandpass filters, which consist of a
resistor, a capacitor, and a grounded simulated inductor realized with two OTA’s and a grounded capacitor. SPICE
simulations using an 8 GHz bipolar transistor-array parameter show that the OTA with a transconductance of 1 mS
exhibits a linearity error of less than $2% over an input voltage range of *0.65 V at supply voltages of 20 V.
Temperature coefficient of the transconductance is less than -90 ppm/°C. The bandpass filter has a center frequency of 8

MHz and @ -factor of 80. Temperature coefficient of the center frequency is less than -182 ppm/°C. The power
dissipation of the filter is 128 mW.

Keywords : Linear operational transconductance amplifier; Simulated inductor; IF bandpass filter

I. Introduction important limitations with the commercial OTA's like

the LM3080 and CA3080: one is their severe

Operational transconductance amplifiers (OTA’s) harmonic distortion for larger input signal caused by
are essential elements in the design of electrically the nonlinear characteristic of the emitter—coupled

tunable amplifiers, filters, oscillators, and other differential input pairm; the other is their temperature

current-mode  signal processing. There are two dependency  caused by  temperature—sensitive

3

transistor parameters[2~. The simplest way of

T AL AFOER, AR LI solving these problems is the use of the improved
(School of Electronics and Information Engineering OTA’s with on-chip diode linearization, like the
Cheongju University) (1] : :

HeA b 2006968162, 2ASE A 2007969182 LM13600 and CA3280"". However, in order to achieve
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the improved performance with these devices, exactly
matched resistors or elaborate trimming of a
potentiometer is required.

In recent years, a bipolar linear OTA to overcome
these problems has been reported”. This linear OTA
exhibits linear transfer characteristic over the entire
bias current range and good temperature stability. In
addition, its transconductance is linearly dependent on
a bias current varying over four decades. A major
disadvantage of the linear OTA is its relatively small
linear input range caused by small common-mode
input range. The larger device count and power
dissipation is another factor which restricts its
usefulness in low-voltage low-power applications.

This paper describes an improved bipolar linear
OTA suitable for low-voltage low-power applications.
It consists of a low—voltage linear transconductor, a
translinear current gain cell, and three current
This improved OTA exhibits simpler
configuration and higher linearity than the previous
work. In order to test its applicability, the OTA is
used to implement a fourth-order bandpass filter for
the first IF receiver stage for GSM (global system
for mobiles) cellular telephone.

IMiITors.

II. Low—voltage bipolar linear
transconductor

1. Limitation of the conventional bipolarlinear
transconductor

The circuit configuration of a conventional bipolar
linear transconductor reported in [4] is shown in Fig.
1. The operation principle of the circuit is to cancel
out, by using local current feedback, the base-emitter
junction voltages of the emitter-coupled pair with
emitter degeneration. This makes the entire input
voltage appear on the emitter-degeneration resistor
Rg,

voltage-to~current conversion given by

and hence the circuit performs a linear
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Fig. 1. Conventional bipolar linear transconductor of
(Chung et al. 1990a).

The input range of the circuit is limited by

lv,n| < Rply or the input common-mode range. The

common-mode range of the differential input

terminals is limited by the current sources Iy leaving
active mode of operation.

Thus the voltages at both terminals should be
smaller than |Vgg+2Vgg+ Vg | for normal
operation, where Vg, is the minimum voltage
required for the current sources operating in active
mode.

An important limitation with the transconductor is
its small linear input
common-mode input range. The larger device count

range caused by small
and power dissipation is another factor which
restricts its usefulness in low-voltage low-power
applications. In the next subsection, a simple bipolar
linear transconductor with high linearity over large
nput range is presented.

2. Operation principle of a low—voltage bipolar
linear transconductor

Fig. 2 the

transconductor. The basic principle of the circuit is to

shows proposed bipolar linear
make an input voltage appear only across the
degeneration resistor without dc voltage level shift.
To achieve this two external pnp
transistors, ¢ and @, are added into the npn

operation,

emitter-coupled pair with degeneration, and biased by
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Fig. 2. Proposed bipolar linear transconductor.

the collector currents of @,, and Q,,, respectively.
To bias transistor ; with the collector current of
G4, the collector current i, is reproduced at the
emitter of @y through a pnp current mirror formed
by @5 and @;. In the same manner, Q, is biased by
the collector current 4., which is reproduced at the
emitter of ¢, through a pnp current mirror formed
by @; and Q. Assuming all the npn transistors and
identical,
summing the voltages around the loop consisting of

pnp transistors are respectively, and
the input voltage source, the four base-emitter
junctions of @, ~ @, and the emitter degeneration

resistor Rg, we obtain

vy = — Vpln|22EpleL) Ly gy (o
‘[A.SIP [SN
Ry . . i
+ a_E (ic1—ice) = Vyln [‘Q] 2
N

ISN

+ Vrln (_—_apkpiCQ
SP

)

where

Vo = thermal voltage

ap = common-base current gain of the pnp
transistors
B
kp = r
Bp+2
Bp = common-emitter current gain of the pnp

transistors

(6nAY
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Iyp = saturation current of the pnp transistors
Igy = saturation current of the npn transistors
o, = common-base current gain of the npn

transistors

The sum of the terms including Vi, is zero, and

hence (2) reduces to

. . Oy
tc1 2™ —“RE U

3

Since the sum of iy, and igy iS apyly, 40 and
ic» Will be given by

. aard; o
lor = ];X + 2}éVEU1N (4a)
. ol «
toz = —‘];—X - ﬁé‘VE‘Uﬂv (4b)
The transconductance of the circuit is

G,, = ay/2Rg. The differential output currents ten,
ity of the transconductor will drive the translinear

current gain cell for implementing an OTA, which is
described in Section 3.

The input range of the transconductor is limited by

lvpl < Rply (5)
or the input common-mode range. The
common-mode range of the differential input

terminals is limited by @ leaving active mode of
operation. Thus the voltages at both terminals should
be smaller than Voo— Viggar — Vg Where Vi,
is the minimum value of Vg, required for the pnp

mode. The
common—mode range of this circuit is larger than

transistors  operating in  active
that of the circuit shown

Vee(=0.6V).

m Fig. 1 by one

3. Low—voltage bipolar linear OTA
The low-voltage transconductor is used to design
a low-voltage linear OTA. The resulting OTA is
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Fig. 3. Circuit diagram of a low-voltage linear bipolar
OTA.

shown in Fig. 3. It consists of a low-voltage linear
transconductor formed by transistors @; ~ @ and an
emitter-degeneration resistor Rz a translinear
current gain cell @y~ @;,, and three Wilson current
mirrors ;5 ~ ;. The transconductor converts the
differential input voltage wv;y into its corresponding
differential output currents i, and i,, whose
expressions are given by (4a) and (4b), respectively.

The differential output currents iy, ioo of the

transconductor drive the diode-connected transistor
pair ¢ and @, of the translinear current gain cell

formed by @, ~ @;». The current gain cell makes the
current partitioning of the transistor pair @, and @,

to be the mirror image of the current partitioning of
the transistor pair ¢;; and 012[5]. Therefore, we can

write the following relation:
lo1 _ len
L= o ®)
0?2 toi2
The output currents iy, and iy, of the current
gain cell are differenced by three current mirrors
formed by Q3~Qi5, Qis~ Qs and @4~ @y,
respectively. Since the sum of iy, and i, is Iy
and the difference is iyyy, which denotes the

single-ended output current of the OTA, currents

ic1 and i, can be written as follows:

Y 9

T. .

iCll - TY + —7/02£ (73)
1. ,

um -l m

Combining (4a), (4b), (9), (7a), and (7b), one can obtain
the transfer function of the OTA expressed as follows:

toyr = %% = Gy ®

The transconductance gain G, is given by
(I/Iy)(1/Rz). Tt is noticeable that in driving
equation (8) no approximations have been made and
there are no temperature-dependent terms. Also, note
that the tansconductance gain of the OTA is
determined by the ratio of the dc bias currents 7y

. Simulation results

The linear OTA shown in Fig. 3 was simulated
using SPICE with an 8 GHz Tektronix SHPI bipolar
transistor-array parameter® ". A product of Ry and

Iy was chosen to make the input linear range 1 V:
R;=1kQ and Iy = 1mA. The value of the resistor
R, was chosen to he 200Q for low voltage
operation. The current sources Iy and [, were

composed of a simple current-mirror and a resistor.

L0 ] [ T i ] 4
i | | i
et ) i i
2 : viv-iour i ‘ : .....
E os | L ===- Linearityerror L ______ Aol L 2 @
S { ¢ ! r S
S ! Al 8
= . A T A E
e e T e T el i J

s 00f--- : S 4 i 0 >
g ~ i [ =
\\ o fot s
o ~ ! ]
- ~ Ao b8
B8 05 B R e N e o

o b I

B TR ! N

£ i e vl

1.0 Fil i i i Y 4
1.0 -0.5 0.0 0.5 1.0

Input voltage v, (V)

a3 4, OTAS| dc MY &4
Fig. 4. Dc transfer characteristic of the OTA.



20074 78 MXSH: =EX N 4 HSDHE AT =

All measurements were performed at supply
voltages of #2.0 V.

The dc transfer characteristic of the simulated
circuit for a fixed ;- of 1 mA is plotted in Fig. 4 as
the solid line. The linearity error relative to the ideal
straight line of slope G,, =1mS is also plotted as
the dashed line. The nonlinearity is seen to be less
than 2% in the differential input voltage range from
-10 V to +0.7 V. This nonlinearity is about two
times lower than that of the conventional linear OTA
in [4]. For comparison, the simulation result of the
conventional linear OTA under the same operating
conditions is shown in Fig. 5.

The dependency of the transconductance on
temperature is shown in Fig. 6, which shows that the

1.0
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effect of temperature on the transconductance is
almost negligible (less than -90 ppm/°C).

The frequency response of the linear OTA is
shown in Fig. 7, showing that the -3-dB frequency
of the output current is more than 24 GHz for tuning
bias current range of 0.1-1.2 mA. This frequency is
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Table 1. Performance parameters of the OTA's.
Parameter | Conditions Proposed | Reported in [4]
Operating
supply 2V 2V
voltages
Iput fnear 5 o0 | 107V 035V
range
TC of G |0 ~ 70 °C|{ = 90 ppm/°C | = 90 ppm/°C
Input 1 MHz 110 kQ 1.3 MQ
resistance | 80 MHz 21 k& 72 kQ
Output 1 MHz 470 kQ 450 kQ
resistance | 80 MHz 7kQ TkQ
PSRR+ 58 dB 66 dB
fa 627 kHz 24 MHz
PSRR- & dB 62 dB
fam 640 kHz 480 kHz
-3dB
I, =1 mA . 2.17 GHz
bandwidth | © 25 Gz
FPower /- 1mA|  umw 28 mW
dissipation
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slightly higher than that of the conventional linear
OTA (2.1 GHz). Other performance parameters of the
proposed linear OTA are summarized in table 1, in
which the simulation results of the conventional

linear OTA in [4] are also presented for comparison,
IV. IF bandpass filter design

In order to test its applicability, the proposed OTA
is used to implement a second-order bandpass filter
for the first IF receiver stage for GSM (global
system for mobiles) cellular telephone. Fig. 8 shows
the circuit diagram of a second-order bandpass filter,
in which two identical OTA’s in conjunction with a
grounded capacitor form a grounded inductor. The
equivalent inductance of the inductor can be written
as follows:

2
L,= CR; (I—X) 9

Iy
where Ry is the emitter degeneration resistance of the

OTA. The transfer function of the bandpass filter is
given by

o
) s( QlRi (10)
“+:(gx H CC{EE?IXJ

The center frequency f, and the quality factor @ of
the filter are given by
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Fig. 8. Circut diagram of a second-order bandpass
filter,
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(607)

¥y o

fo= Ak
_ ]G Ry

respectively. (11) shows that the center frequency can
be tuned by adjusting the bias current I, , while (12)
shows that @-factor can be tuned by adjusting 7, or
R,.

The IF stage of a mobile communication requires a
bandpass filter whose center frequency and @Q-factor
are 8 MHz and 75, respectively®. The second-order
bandpass filter shown in Fig. 8 can not provide this
Q-factor. satisfy  the
specifications of the filter, it is necessary to design
the fourth-order bandpass filter which is cascaded
with two identical second-order bandpass cells shown

Therefore, to required

in Fig. 8
Fig. 9 shows the transfer characteristics of the
bandpass filters simulated with &, =10 k&,

I,=2.1 mA. It can be seen that two filters have

the same center frequency of 8 MHz, but @-factors
are different; the second order bandpass filter has
—factor of 48 while the fourth-order one has 80. The
effect of temperature on the center frequency of the
fourth-order filters was also simulated. The result

30
- 20 ........ ———an_orderBPF .....................................................
@ 10 + — 4th-order§BPF
e :
2 0
% -10 1
g
g 20 1
S
30 |
-40 ~ :
7x107 8x107 9x107 108
Frequency (Hz)
a3 9. IF bandpass fitersel M& &4

Fig. 9. Transfer characteristics of the IF bandpass
filters.
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Fig. 10. Transfer characteristcs of the fourth-order
bandpass filter; frequency tuning.
was -18L5 ppm/°C, which is sufficiently low so that

the filter can be used under temperature-varying

environment

conditions  without

temperature—
compensation scheme. The power consumption of the
fourth-order filter is 128 mW. The tuning of the
center frequency f, with the bias current 7, is

shown in Fig. 10.

V. Conclusions

A low-voltage temperature-stable bipolar OTA
with high-linearity has been described. It features
simple configuration, large input linear range, and
wide controllability of its transconductance gain. The
OTA is used to design an IF bandpass filter for
GSM cellular phone. SPICE simulations using the 8
GHz bipolar transistor-array parameter show that the
OTA and the filter have fairly low sensitivities to
which
alleviate the demand on an automatic system for
frequency tuning. One-chip implementations of the
OTA and the filter are future works.

temperature and power supply variations,
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