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Abstract – A modified CMOS realization of the operational transresistance amplifier (OTRA) is presented. A 
fair comparison with Salama and Soliman OTRA [1] shows that the modified OTRA provides better perform-
ance in all parameters. The OTRA is suitable for analog VLSI applications since it does not suffer from con-
stant gain bandwidth product. Hence, it can exhibit wide bandwidth at high gain values. Moreover, an OTRA 
based variable gain amplifier (VGA) is introduced. A detailed analysis taking the effect of the finite transresis-
tance gain in consideration is provided.   

 

 
Index Terms – CMOS operational transresistance amplifier, analog VLSI applications, variable gain amplifier, 
wireless communications, 
 
 
 
 
 
 

1. Introduction 

Recently, great interest has been devoted to the design of the 
operational transresistance amplifiers (OTRA) [1, 3-5]. This 
great interest is mainly because the OTRA is not slew limited in 
the same fashion as voltage op amps [1]. It can provide a high 
bandwidth independent of the gain. Hence, it does not suffer 
from constant gain bandwidth product like voltage op amps 
circuits [4].  

The supply voltages are ± 1.5 V. The reference DC current 
source IB is taken as 25 µA. The CMOS model for all circuits is 
identical. The transistor model is 0.5 µm CMOS process pro-
vided by MOSIS (AGILENT). The aspect ratios for all equiva-
lent transistors are equal. The symbol of the OTRA is shown in 
Fig.1. 
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Fig.1: Block diagram of the OTRA 
 
 

The operational transresistance amplifier (OTRA) is a three 
terminal analog building block that is defined by the following 
matrix equation: 
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Where Rm is the transresistance gain. 

 
 
Both the input and output terminals are characterized by low 

impedance. The input terminals are virtually grounded leading to 
circuits that are insensitive to stray capacitances [2-4]. Ideally 
the transresistance gain, Rm, approaches infinity, and applying 
external negative feedback will force the two input currents, 
I+ and I− , to be equal.  

In the second section of this chapter one of the OTRA circuit 
realizations reported in [1] is examined and simulation results 
are given. In the third section of this chapter a novel low power, 
large open loop transresistance gain and high gain bandwidth 
product OTRA is proposed. In the fourth section of this chapter 
an OTRA based variable gain amplifier (VGA) is proposed. 

2. Salama and Soliman OTRA [1]  

2.1 Circuit description 

The CMOS realization of the OTRA proposed in [1] is shown in 
Fig.2. It is based on the cascaded connection of the modified 
differential current conveyor (MDCC) [2] and a common source 
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70 Fig. 2: OTRA realization proposed in [1] 



 

Frequenz
60 (2006) 
3-4

amplifier [1]. Assuming that each of the groups of the transistors 
(M1-M3), (M4-M7), (M8 and M9), (M10 and M11), (M12 and 
M13) as well as (M14 and M15) are matched. And assuming that 
all the transistors operate in the saturation region, the circuit 
operation can be explained as follows. The current mirrors 
formed by (M4-M7) forces equal currents (IB) in the transistors 
M1, M2 and M3.  

This operation drives the gate to source voltages of M1, M2 
and M3 to be equal and, consequently, forces the two input 
terminals to be virtually grounded. The current mirrors formed 
by the transistor pairs (M4 and M5), (M8 and M9), (M10 and 
M11) and (M14 and M15) provide the current differencing 
operation, whereas the common source amplifier (M17) achieves 
the high gain stage. 

2.2 Simulation results 

Transistors aspect ratios are reported in Table 1. The biasing 
current IB = 25µA. The biasing voltages VB1 = -0.5 V and VB2 = 
0.1 V. Simulation results are tabulated in Table 3 and shown in 
Figs. 3, 4 and 5.  

These results can be described as follows. The input differen-
tial current range is from -50µA to 50µA (Fig.3). The offset 

 
Fig. 3: The output voltage of the circuit shown in Fig.2 

 
 

 
Fig. 4: Inpu

current equals 1.25µA. The input resistance equals 15.5 Ω 
(Fig.4). The DC open loop transresistance gain equals 80 dBΩ (= 
10 KΩ) (Fig.5). The gain bandwidth product equals 
372 GHz.Ω (Fig.5). The power dissipation of the circuit equals 
0.9 mW. 

 
 

Table 1: Transistors aspect ratios of the circuit  
shown in Fig.2 

Transistor W(µm)/L(µm) 

 

M1- M3 100/2.5 

M4 - M7 50/2.5 

M8 - M11 50/2.5 

M12,M13 30/2.5 

M14,M15 50/2.5 

M16 10/2.5 

M17 50/0.5 
 

t impedance at terminal X for the circuit shown in Fig.2 

 
Fi  5: Frequency characteristics of the open loop transresistance  
gain fo
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

ig. 6: The proposed modified OTRA 
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3. The proposed modified OTRA 

3.1 Circuit description 

he CMOS realization of the proposed low powe
TRA is shown in Fig.2. It is based on the cascaded 
f the modified differential current conveyor (MDCC) [2]
ommon source amplifier [1]. Assumi
f the transistors (M1-M3), (M5 and M6), (M8-M11) 
nd M13) are matched. And assuming that all the 
perate in the saturation region, the circuit oper
xplained as follows.  

The current mirrors formed by (M8-M11) forces equal cur-
nts (IB) in the transistors M1, M2 and M3.

rives the gate to source voltages of M1, M2 and M
nd, consequently, forces the two input terminals to be virtually
rounded.  
The current mirrors formed by the transistor pairs (M10 and 

ide the current differencing 
operation, whereas the common source amplifier (M14) achieves 
the high gain stage. It is clear that the modified OTRA has 
smaller number of current mirrors than Salama and Soliman 
OTRA introduced in [1] which reduces the transistor mirror 
mismatch effect and also increases the frequency capabilities. 
Moreover, the proposed OTRA uses smaller number of transis-
tors which reduces the power dissipation. 

3.2 Simulation results 

Transistors aspect ratios are reported in Table 2. The biasing 
current IB = 25µA. The biasing voltage VB1 = -0.5 V. Simulation 
results are tabulated in Table 3 and shown in Figs. 7, 8 and 9. 
These results can be described as follows. The input differential 
current range is from -50µA to 50µA (Fig.7). The offset current 
equals 0.1µA.  

The input resistance equals 4.2 Ω (Fig.8). The DC open loop 
transresistance gain equals 162 dBΩ (= 126 MΩ) (Fig.9). The 
gain bandwidth product equals 617 GHz.Ω (Fig.9). The power 
dissipation of the circuit equals 0.6 mW. 

The advantage of the proposed modified OTRA circuit shown 
in Fig. 6 is proved by the following comparison. From Table 3, it 
is clear that the proposed OTRA provides less offset current than 
Salama and Soliman OTRA. And also the proposed OTRA 
exhibits more DC open loop transresistance gain and more gain 
bandwidth product than Salama and Soliman OTRA.  

The open loop transresistance gain increased from 80 dBΩ to 
162 dBΩ. The gain bandwidth product increased from 372 
GHz.Ω to 617 GHz.Ω. Moreover, the proposed OTRA has 
sm e
Salama and Soliman OTRA. Keeping the fair comparison crite-
ri a sharp peak at its open loop trans-
resistance gain which can be removed using compensation tech-
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Table 2: Transistors aspect ratios of the 
circuit shown in Fig.6 

Transistor W( µm )/L(µm) 
M1- M3 100/2.5 

M4 10/2.5 

M5, M6 30/2.5 

M7 10/2.5 

M8- 

 
 
   Table 3: Parameters of the circuits shown in Fig.2 and Fig.6 

Parameter Salama and The pro- Unit 
Soliman 
OTRA [1] 

posed 
OTRA 

Input current 
dynamic 
range 

-50 to 50 -50 to 50 µA 

Offset cur-
rent 

1.25 0.1 µA 

DC open 
loop tran

80 162 dBΩ 
sre-
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Gain band- 372 617 GHz.
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Fig. 9: Frequency characteristics of the open loop transresistance  
gain for the circuit shown in Fig.6 
 

 

4. OTRA-based digitally controlled voltage-mode VGA 

4.1 Introduction 

Variable gain amplifiers (VGAs) are used in many applications 
in order to maximize the dynamic range of the overall system. 
Hearing aids [6], disk drives [7, 8], and wireless communications 
are examples of such systems. In a wireless communication 
system, the portability of the terminal implies that the received 
signal has a very wide dynamic range. This necessitates the use 
of an automatic gain control (AGC) circuit. Its function is to 
automatically adjust the gain of the receive path so that the 
signal processed by the baseband section circuitry appears to be 
at a constant level regardless of the actual signal strength re-
ceived at the antenna.  

The AGC contains mainly two blocks, a variable gain ampli-
fier (VGA) and a signal strength detector which feeds back the 
control signal used to adjust the gain of the VGA. In modern 
wireless systems, all of the baseband signal processing is imple-
mented digitally by a digital signal processor (DSP). A VGA 
controlled by an analog signal, will need additional digital-to-
analog converter (DAC) in the AGC loop, increasing both com-
plexity and delay. Hence, an essential requirement of the VGA is 
to be digitally controlled.  

The gain of the VGA should increase linearly on the decibel 
scale in order to achieve a wide gain control. Although tradi-
tional VGA topologies based on high open loop gain op-amps or 
operational transconductance amplifiers (OTAs) provide good 
results, they suffer from slew rate limitations and finite gain 
bandwidth product.  

Third generation wireless communication systems utilize wide 
band code division multiple access (WCDMA) techniques [4]. 
Thus, the transmitted signal is to be spread over a wider range of 
bandwidth. It is thus necessary to investigate new CMOS ampli-
fier based VGA structures that is not slew limited and also can 
provide large bandwidth independent of the gain. This can be 
done by using the OTRA-based voltage-mode digitally con-

he novel voltage-mode digitally controlled VGA configuration 
 shown in Fig.10. The VGA circuit is operating in a coarse and 
ne arrangement. It consists of two stages. The first stage repre-

sents a 
fine gain control stage. It can be showed that the voltage gain of 
eac ven 

 

Fig ltage-mode digitally controlled VGA using the OTRA [4] 
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Taking the effect of the finite transresistance gain, Rm, and using 
the single pole model. The transresistance gain is given by: 

 

4.2 Circuit description 
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Where Ro is the DC open loop transresistance gain and oω is the 
transresistance cut off frequency. 

For high frequency applications, the transresistance gain, 
Rm(s), may be expressed as 
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Hence, the voltage gain of each stage will be given by:  
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It is clear from equation (7) that the gain of the first stage can 

be varied independently of the bandwidth by changing the resis-
tance R1. Similarly, from equation (8) the gain of the second 
stage amplifier can be varied independently of the bandwidth by 
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changing the resistance R2. The first stage operates in a 6-dB 
step (coarse gain control) while the second VGA stage provides 
the precise 1-dB gain stepping (fine gain control).  

The digital control structure of the resistors R1 and R2 is 
shown in Fig.11 and Fig.12 respectively. The resistance R1 is 
given by [9]:  

 

 (9)  

 
Where R1i (i = 1, 2, 3…, 7) are polysilicon resistors and d1n (n 

= 0, 1, 2…, 5) are the digital inputs that control the value of R1. 
Table 4 shows the values of these resistors in terms of the feed-
back resistor

1fR . The digital inputs and the corresponding gains 
are shown in Table 5. Similarly, the resistance R2 is given by [9]:  
 
  

  (10)  

 
Where R2i (i = 1, 2, 3…, 6) are polysilicon resistors and d2n (n = 
0, 1, 2…, 4) are the digital inputs that control the value of R2. 

( ){ }1 11 10 12 11 13 12 14 13 15 14 16 15 17[ ( )R R d R d R d R d R d R d R= + + + + + +

( ){ }2 21 20 22 21 23 22 24 23 25 24 26[ ( )] )R R d R d R d R d R d R= + + + + +

Table 6 shows the values of these resistors in terms of the feed-
back resistor

2fR . The digital inputs and the corresponding ga
are shown in Table 7. 

ins 

 
 

 
 
 

 

 

 
 
 
 
 
 
 
 
 

tors used  
to control the resistance R1 of the first stage 

 

M6

M5

M4

M3

 
Fig. 11: The digitally controlled resistance R1 [9] 
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Table 4: The values of the resis

 
Resistor Value 

R11 Rf1/64 

R12 Rf1/64 

R  R13 f1/32 ]

R14 Rf1/16 

R15 Rf1/8 

R16 Rf1/4 

R17 Rf1/2 

 
 
 

  Table 5: The digital inputs and the corresponding gain  
  of the first stage 

 
Gain d10 d11 d12 d13 d14 d15 
(dB) 

0 0 0 0 0 0 0 

6 0 0 

12 0 0 0 0 1 0 

0 0 0 1 

18 0 0 0 1 0 0 

24 0 0 1 0 

30 0 1 0 0 

M1

M2

d10d11d12d13d14d15

0 0 

0 0 

36 1 0 0 0 0 0 

 
 
 

  Table 6: The values of the resistors used to 
  control the resistance R2 of the second stage 
 

Resistor Value 

R21 0.563 Rf2 

R22 0.069 Rf2 

R23 0.077 Rf2 

R24 0.087 Rf2 

R25 0.097 Rf2 

R26 0.109 Rf2 

 
 
 

  Table 7: The digital inputs and the corresponding gain  
of the second  stage 

 
Gain d20 d21 d22 d23 d24 

  

(dB) 

0 0 0 0 0 0 

1 0 0 0 0 1 

2 0 0 0 1 0 

3 0 0 1 0 0 

4 0 1 0 0 0 

5 1 0 0 0 0 
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5. Conclusion 

This paper presents a modified CMOS realization of the opera-
tional transresistance amplifier. The OTRA is not slew limited in 
the e fashion as  amps. Moreover, it can provide a 
hig ndwidth independent of the gain. Hence, it does not 
suffer from constant gain bandwidth product like voltage op 
am rcuits. Simulation results and a fair comparison between 
the proposed modified OTRA and Salama and Soliman OTRA 
proved the strength of the proposed realization.  Digitally con-
trolled voltage-mode variable gain amplifier (VGA) based on the

 

ference

[1]  N. Salam nd A.  Solim MOS operatio nsresistanc
plifier fo alog signal proce ng”, M lectronics J., vol.30, pp.

235-245, 1999. 
[2]  . Elwan . M liman, MOS differentia rrent conveyo

and applications for analog VLSI”, Analog Integrated Circuits and Sig-
essi  11, . 35-45 996. 

Fig.1 y characteristics of the first stage of the voltage-mode
digitally controlled VGA shown in Fig.10 using the OTRA circuit shown 
in Fig.6 with different gains from 0 dB to 36 dB with 6 dB gain step 

 
Fi ltage-

  circuit 
show  gain 
step 
 
 

The d using 
Rf1 ted by 

term )) and 
C2 sec-

 

haracteristics of the overall voltage-mode digitally 
controlled VGA shown in  Fig.12 using the OTRA circuit shown in Fig.6 
with t ga om to 4 ith  gain step 

 
 
 
Th

tors nd R2 ve th me a ct rat W =  µm and L = 
0.5 . Fig. show the d rent ns of e fir stage 
(coarse gain control) ranging from 0 dB to 36 dB with a 6 dB 
gain .  

Fig.14 shows the different gains of the second stage (fine gain 
control) ranging from 0 dB to 5 dB with a 1 dB gain step. Fig.15 
show  dif nt ga  of  overa VGA rcuit 
from 5 dB to 41 dB with a 6 dB gain step. It is clear that the 
bandwidth is about 2 MHz for the maximum gain of 41 dB. The 
average gain error is about 0.241 dB. The power dissipation of 

 

e 
 

rs 

3: Frequenc  

 

Fig.15: Frequency c

differen ins fr 5 dB 1 dB w  6 dB

e switching transistors used in the digitally controlled resis-
R1 a  ha e sa spe io ( 100
µm) 13 s iffe gai  th st 

 step

s the fere ins the ll  ci ranging 

the circuit is about 1.165 mW.  
 

 

 sam voltage op
h ba

ps ci
g.14: Frequency characteristics of the second stage of the vo

mode digitally controlled VGA shown in Fig.10 using the OTRA
n in Fig.6 with different gains from 0 dB to 5 dB with 1 dB

4.3 Simulation results 

 voltage-mode digitally controlled VGA is simulate
 = 64 kΩ and Rf2 = 20 kΩ. The circuit is compensa

using capacitors C1 = 1.5 pF (connected between the output 
inal of the first stage (Vo1) and its input terminal (Vi

 = 1.5 pF (connected between the output terminal of the 
ond stage (Vo) and its input terminal (Vo1)).  

proposed realization is also introduced. 
 

Re s 

K. a a M. an, “C nal tra
am r an ssi icroe

H. O  and A . So  “C l cu

nal Proc ng, vol.  pp , 1



 

Frequenz
60 (2006)

3-4

[9] A. A. El-Adawy, A. M. Soliman, and H.O. Elwan, “Low-voltage fully 
differential CMOS voltage-mode digitally controlled variable gain am-
plifier”, Microelectronics J., vol.31, pp. 139-146, 2000. 

[10] K. Bult and G. M. Geelen, “An inherently linear and compact MOST-
only current division technique”, IEEE J. Solide-State Circuits, vol. 27, 
no. 12, pp. 1730-1735, Dec. 1992. 

 
Hassan Mostafa 

Dr. Ahmed M. Soliman 
Electronics and Communications 
Engineering Department 
Faculty of Engineering 
Cairo University 
Giza 
EGYPT 
Fax: +20-2-5723486 
E-mail: amsoliman@ieee.org 

(Received on August 1, 2005) 
(Revised on October 7, 2005 

 

76

[3]  J. Chen, H. Tsao, and C. Chen, “Operational transresistance amplifier 
using CMOS technology”, Electron. Lett., vol. 28, no. 22, pp. 2087-
2088, Oct. 1992. 

[4]  H.O. Elwan, A. M. Soliman, and M. Ismail, “A CMOS Norton amplifier 
based digitally controlled VGA for low power wireless applications”, 
IEEE Trans. Circuits Syst. II, vol. 48, no. 3, pp. 460-463, March 2001. 

[5]  K. N. Salama and A. M. Soliman, “Novel oscillators using the opera-
tional transresistance amplifier”, Microelectronics J., vol.31, pp. 39-47, 
2000. 

[6]  J. Duque-Carillo, P. Malcovati, F. Maloberti, R. Perez-Aloe, A. Reyes, 
E. Sanchez-Sinecio, G. Torelli, and J. Valverde, “An acoustically pro-
grammable and adjustable CMOS mixed-mode signal processor for 
hearing aid applications”, IEEE J. Solide-State Circuits, vol. 31, no. 5, 
pp. 634-645, 1996.  

[7]  R Harjani, “A low-power CMOS VGA for 50Mb/s disk drive read 
channels”, IEEE Trans. Circuits Syst. II, vol. 42, no. 6, pp. 370-376, 
1995. 

 [8]  R. Gomez and A. Abidi, “A 50 MHz CMOS variable gain amplifier for 
magnetic data storage systems”, IEEE J. Solide-State Circuits, vol. 27, 
no. 6, pp. 935-939, 1992.  



FREQUENZ

1. The manuscript must describe original results of research or develop-
ment, also high quality reviews, not yet published or submitted for
publication elsewhere. In submitting a manuscript, authors accept that
the copyright pass to the publisher, if and when the paper is accepted.

2. The official language for articles is American English.

3. It is highly recommended to submit electronic manuscripts. Only
papers consisting a Word and PDF file can be processed approxiately.
The figures must be formatted .tif, .jpg, .pdf or eps. Do not use hair-
lines in them. To be printed correctly, lines must have a strength of at
least 0.2 pt. Always include the used fonts in .pdf or .eps files. Please
keep in mind that this journal prints in black and white. Colors may be
hard to distinguish after b/w-conversion.

4. The manuscript must comprise the following parts:
– Title of paper
– Full names of all authors
– Academic titles of all authors
– Abstract
– A few Index Terms
– Affiliation and address of all authors
– Correspondence address with phone, fax, e-mail
– Main text: see FREQUENZ template
– List of all figure captions on one page
– Separate file for each figure
– List of references

5. Style of Reference: see FREQUENZ template

6. The authors will receive two reference issues. 

Information for Authors
www.frequenz-online.de
Download the author’s template for Microsoft Word:

Editorial Office

Publisher
Fachverlag Schiele & Schön GmbH
Markgrafenstraße 11
10969 Berlin
Germany
Telephone: +49 (30) 25 37 52-0
Telefax: +49 (30) 25 37 52-99
E-Mail: service@schiele-schoen.de
Internet: www.schiele-schoen.de
Production: Hildegard Koenig
koenig@schiele-schoen.de
Sales and Distribution: Ilona Pavelec
pavelec@schiele-schoen.de
Ads: B. Huth
huth@schiele-schoen.de
Layout: Fachverlag Schiele & Schön
GmbH, Berlin
Print: Printed in Germany by
Druckerei Gerike, Berlin

Subscription Rates
FREQUENZ is published bimonthly.
Annual subscription
within Germany: 540,00 € 

(incl. handling and shipping)
Annual subscriptions
Europe and Overseas: 545,10 €
(free of shipping costs)
Single copy: 84,– € 

Orders can be placed at any book-
shop or with the publisher. Annual
subscriptions have to be paid for a
year in advance. Cancellations must
reach the publishing house by
November 15.

Advertisement
Rates are published in Rate Card
No. 34, issued January 2005.

Copyright
© 2006 by Fachverlag Schiele &
Schön GmbH, Berlin, Germany.
Articels published in the journal are
protected by copyright. All rights
reserved, especially those of transla-
tion into other languages. No part of
this publication may be reproduced
or transmitted in any form or by any
means, electronic or mechanical,
including photocopy, recording, or
any information storage and retrieval
system, without permission in writing
from the publisher. Reproduction in
lectures, radio and television broad-
casts, magnetic film or similar means
is also subject to copyright.
Photocopying for one's personal
use must be limited to single copy of
individual papers or parts thereof.
Every copy made and used in a com-
mercial concern serves commercial
purposes under §54 (2) of the Law
on Copyright and necessitates pay-
ment of a fee to the VG WORT,
Abteilung Wissenschaft, Goethestr.
49, D-80336 München to whom
enquiries about the modalities of pay-
ment should be addressed.


