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The paper presents the structure and principle of operation of the basic transimpedance ampli-

fier (TIA) circuits. In particular, high-speed (with bandwidth >1MHz) inverting and non-inverting cir-
cuits, employing current-feedback operational amplifier (CFOA) are under consideration. Based on 
analysis of the operational principle, equations for the frequency and step responses of both circuits 
are obtained. As well, approximate formulas for the related dynamic electrical parameters at simul-
taneously operation of the input, transmission and load parasitic capacities are worked out. The for-
mulas for the step responses of the circuits are obtained from the transfer functions by applying the 
inverse Laplace transformation. Moreover, using these formulas a design procedure, valid for fre-
quencies up to 500MHz, is developed. The efficiency of the proposed procedure is demonstrated by 
simulation and experimental study of sample electronic circuits of TIAs. The comparative analysis 
shows that the maximum value of the achieved relative error between the calculated and the simulated 
results is less than 10%. Moreover, an error of 10% is quite acceptable, considering the technological 
tolerances of the parameters. 

Изследване и проектиране на високоскоростни трансимпедансни усилвателни схеми, 
използващи CFOAs (Ивайло М. Пандиев). Статията представя структурата и принципа на 
работа на основните трансимпедансни усилвателни схеми (transimpedance amplifier – TIA 
circuits), По-конкретно, обект на разглеждане са високоскоростните (с честотна лента 
>1MHz) инвертираща и неинвертираща схеми, използващи операционен усилвател с вътрешна 
токова обратна връзка. Въз основа анализ на принципа на работа на двете схеми са получени 
изрази за честотните и преходните характеристики, както и приблизителни формули за 
свързаните с тях електрически параметри при едновременното действие на входните, преда-
вателните и изходните паразитни капацитети. Формулите за преходните характеристики 
на схемите са получени от предавателните функции чрез прилагане на обратната трансфор-
мация на Лаплас. При това, използвайки тези формули е развита методика за проектиране, 
валидна за честоти до около 500МHz. Ефективността на предложената методика е демонс-
трирана чрез симулационно и експериментално изследване на трансимпедансни усилватели. 
Сравнителният анализ показа добро съвпадение, като постигнатата максимална отно-
сителна грешка между изчислените и симулационните резултати не надвишава 10%. Грешка 
със стойност, равна на 10%, е съвсем приемлива, имайки предвид технологичните допуски в 
параметрите.    

 

Introduction 
The high-speed (with bandwidth >1MHz) transim-

pedance amplifier (TIA) circuits are essential building 
blocks for D/A current-to-voltage converters, AM 
radio receivers and photodiode transimpedance ampli-
fiers for optical transceivers. In the past two decades, 
several TIAs were proposed in the literature [1-5]. 
Also, recently in [6] and [7], as well as in some tech-
nical documents [8-9] design recommendations of 

TIAs were proposed. For all electronic circuits such as 
an active element a conventional voltage-feedback 
operational amplifier (VFOA) or a common source 
TIA with a shunt-feedback resistor (for frequencies 
higher than 1MHz) is used. The main advantages of 
the TIAs with conventional operational amplifiers (op 
amps) are the small input and output impedance, also 
the circuits are with relatively simple structure and the 
methods for determining the values of the passive 
components are well developed in the literature. The 

38 “Е+Е”, 1-2/2016



 

main drawback of VFOAs is the finite gain-bandwidth 
product. As a result, in the process of design and im-
plementation the TIAs may need to be stabilized. 

In [10], the authors proposed approaches aimed to 
design VFOA-based amplifiers with constant closed-
loop bandwidth. One possible way to obtain such a 
behavior is performed by replacing the gain resistor of 
an inverting configuration with transconductor, based 
on OTA. Another approach suitable for discrete appli-
cations, presented in [10], uses two conventional op 
amps in a composite fashion to implement a current-
feedback op amp – like amplifier. 

In the past ten years monolithic current-feedback 
operational amplifiers (CFOAs) have been basically 
used as active building blocks for design of various 
high-speed analog circuits. As a kind of the mono-
lithic operational amplifiers family, the CFOAs have 
been realized basically to overcome the finite gain-
bandwidth product of the conventional VFOAs.  

Relatively large number of books, publications and 
company application reports are devoted to the theory 
and the design of the amplifier circuits employing 
CFOAs. Despite increasing applications of the 
CFOAs in the theoretical analyzes first-order models 
of the amplifiers are most frequently used [11-18]. 
The simple CFOA models are suitable for analyzing 
the typical behaviour, but are not useful to study the 
stability of the circuits in a wide frequency range.  

In 1996 Mahattanakul and Toumazou [12] presen-
ted, a comprehensive theoretical study of the stability 
of CFOAs, when used with both resistive and capa-
citive feedback. The paper are identified some of the 
most suitable features of designing circuits with 
CFOAs, and the impact of these features affecting the 
amplifiers stability. For the theoretical analysis a 
small-signal two pole model of CFOA is used. In this 
model the first pole is determined by tr  and tC , while 
the second pole occurs due to the current-mirror cir-
cuit in the real part. Typically, the current-mirror pole 
frequency is much higher than the pole frequency due 
to the transimpedance pole of the amplifier. Unfortu-
nately, the input parasitic capacities that can affect the 
stability of the amplifiers at higher frequencies are not 
taken into account. 

In [13], an analysis of stability and compensation 
of CFOAs is presented. In the theoretical analysis of 
the inverting amplifier, integrator and differentiator 
using small-signal model of a CFOA, some of the 
input parasitic capacitances and the effect of the 
transmitssion and load capacitances are included. 
Moreover, the load is considered only as capacitance 

LC  without taking account the parallel connection of 

the resistance LR  and the capacitance LC  (i.e. 
)/1(|| LLL sCRZ = ). This study is particularly useful 

for pencil-and-paper design of CFOA and takes into 
account both the resistive and capacitive feedback. 

In 2005, Pennisi proposed a CMOS CFOA that is 
robust and exhibits good performance in wide fre-
quency range [15]. The solution is based on a class 
AB differential amplifier. The proposed amplifier is 
theoretically studied and the second-order transfer 
function is obtained. Based on the transfer function 
formulas for the dominant and second pole are ob-
tained. The dominant pole is due to tr  and tC , while 
the second pole is due to oin rr ||−  and the load capaci-
tance LC .  

In [11] and [14] CFOA-based current-to-voltage 
converters are presented. To ensure stable operation of 
the circuits compensation capacitors are connected in 
parallel with the feedback resistors. As a result, the 
bandwidth is limited, but a stable operation is provi-
ded. For the theoretical analysis and the formulas 
based on it, a simplified model of the amplifier is 
used, which does not consider several parasitic effects.  

In [17], the author's attention is focused on the 
analysis and design of basic amplifier circuits using a 
simplified model of a CFOA. As a result are obtained 
first-order complex transfer functions, in which the 
parasitic effects influencing at higher frequencies (for 
frequencies higher than 50MHz) are not taken into 
account. Furthermore are not addressed the problems 
associated with the stability analysis in wide frequen-
cy range of the circuits. In [19], depth study of stabil-
ity analysis in a wide frequency domain is presented. 
In the analysis of the electronic circuits a complex 
CFOA model is used, in which the input, transmission 
and load parasitic capacities are taken into account. 
However, the proposed design methodology can not 
be used for the TIAs using CFOAs.  

Recently, in [20] compensation techniques for im-
proving amplitude and phase response of CFOA-
based inverting amplifier are investigated. The com-
pensation technique, proposed in the paper, employing 
composite CFOA consisting two monolithic op amps 
used in the place of single CFOA. 

In the past few years, the TIAs are increasingly 
used in the data converters for amplifying pulse input 
currents )(tiG  with small ( ns10< ) rise and fall times. 
In these cases, in the process of analysis and design it 
is essential to use the corresponding transient respon-
ses. Moreover, in a practical point of view is very 
important to determine the values of the electrical 
parameters at a unit input step excitation )(tiG , where 
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707,0>ξ  and pz ω<ω  occurs ringing in the output 
signal, which can cause unstable operation of the cir-
cuit. In the both cases, the steady-state value of the 
output signal is reached after damped oscillations.  

(2) For simple real roots ( 1>ξ ): 
(19) 
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The transient response consists of one DC compo-
nent that determines the steady-state value, and has 
two exponents. The first exponent has smaller time 
constant and sets the initial increasing of the output 
signal. The second one has larger time constant and 
grows slower. Moreover, the second exponent was 
added to the first exponent and the sum of both com-
ponents determined the output signal increasing. In 
this case, the rise time of the output signal can be ob-
tained by the following approximate expression:  

(20)    
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Design procedure 
The purpose of computing is 

insight, not numbers.  
Richard W. Hamming  

The above analytical formulas, resulting of the 
theoretical analysis, are on the base of the proposed 
design procedure for TIAs, implemented with the 
circuits shown in Fig. 2 and Fig. 3. The created proce-
dure consists of (1) preliminary hand calculations and 
(2) simulation testing of a prototype. The final results 
are analyzed an optimal variant for the circuit is cho-
sen. The procedure for the preliminary hand calcula-
tions is based on the following sequence: 

(1) Technical specification. The circuit elements 
are calculated using pre-defined: amplitude of the 
input current GI  with internal resistance GR  and in-
ternal parasitic capacitance GC ; input resistance iAr ; 
mounting parasitic capacitance MC ; amplitude of the 
output voltage 

LRU  at load resistance LR  and load 
capacitance LC ; output resistance oAr ; frequency 
bandwidth dBf 3−  (or dBdB f 33 2 −− π=ω ); rise time rt  at 
unit input step; relative error ioε  [%] defined by the 
input offset voltage and current and signal-to-noise 
ratio SNR .  

(2) Selection of an electronic circuit. An object of 

analysis and design is the TIAs, shown in Fig. 2 and 
Fig. 3. The inverting circuit (Fig. 2) provides less in-
put impedance (the inverting input x  is a virtual 
ground – 0≈yxu ), while in the second circuit (Fig. 3) 
the input current Gi  is previously converted into vol-
tage GGG Riu = . The resulting voltage is amplified by 
a non-inverting amplifier. 

(3) The op amp is selected: 
− Maximum output voltage 

LRom UU ≥  ( omU  is 
the maximum output voltage of the op amp); 

− The power supply voltage EECC VV −=  is selected 
higher than the maximum output voltage omU , as sav-
ing the condition maxmin CCCCCC VVV << ; 

− Maximum output current Lo II >max, , where 

LRL RUI
L

/= ; 
− Small-signal bandwidth dBff 31 )10...5( −> , where 

1f  is the unity-gain bandwidth; 
− Slew rate 

LRdBCFOA UfSR 32 −π> . 
(4) The value of the equivalent quality factor and 

damping ratio of the frequency response are obtained: 
− For the inverting circuit (Fig. 2) by using for-

mula 

Lo

tt

LoTin
LoTin

dBp Rr
Cr

CrCrCrCr
Q

/13
+

++

ω=

−
−

−  ( pQ2/1=ξ ); 

− For the non-inverting amplifier (Fig. 3) by using 
formula 

Lo

TinLoLoNin
dBp Rr

CrCrRrCr
Q

/1
)]/()/(1[

3
+

++
ω=

−−

− . 

(5) The feedback resistor FR  is calculated:  
− For the inverting circuit: 

( )tLTointLotTinpF rCCrrCCrCCrR //1 2 −− ++ω≤ ; 
− For the non-inverting circuit: 

)]}/()/(1[{/1 2
TinLoLoNtinpF CrCrRrCCrR −− ++ω≤ . 

For the TIA, shown in Fig. 3, the GR  is calculated 
as follows: +≤ inG rR 01,0 . The value of the gain resistor 
is )1/( 0 −= UFN ARR , where GRU UUA

L
/0 = .  

The calculated values for the resistors FR  and NR , 
according to the above formulas, have to be consistent 
with the values from the data-sheet of the chosen 
CFOA. 

According to the obtained value of the quality fac-
tor, found in step № 4, the value of the self-oscillating 
frequency pω  is given by: 
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− For the inverting circuit: 
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At 1>ξ  ])1([4,4 2 −ξ−ξ=ω rp t . 
− For the non-inverting circuit: 
At 10 <ξ<  )12/( 2ξ−π=ω rp t ; 
At 1>ξ  
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(6) The input and output resistance is calculated: 
The input resistance of the circuits are: 

0/ dFiA ARr ≈  and GiA Rr ≈ , respectively.  
The output resistances are: 

0/1 d
G

F
ooA A

R
Rrr 




+≈  and 0/1 d
N

F
ooA A

R
Rrr 




+≈ . 

(7) The phase margin (PM) is calculated at dB3−ω : 
− For the inverting circuit )(180 3dBZm TR −ωϕ−°=ϕ ; 
− For the non-inverting circuit 
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(8) The output offset voltage of the circuit is calcu-
lated: First the output offset voltage for room tempe-
rature (usually C°25 ) is calculated: 

− For the inverting circuit by using formula (3); 
− For the non-inverting circuit  

])||()[/1(,
+− −++= BGBNFioNFerro IRIRRURRU . 

The relative error %100)/( , LRerroio UU=ε  is com-
pared with the value, given in step № 1. 

(9) The signal-to-noise ratio (SNR) is calculated:  
− For the inverting circuit, first the resulting noise 

voltage at the TIA’s output is calculated: 
eqFFCFOANCFOANoN BkTRRIUU 422

,
2

,
2 ++= ,  

where CFOANU ,  and CFOANI ,  are the noise voltage and 
the noise current of the op amp and dBeq fB 357,1 −≈  is 
the noise bandwidth. 

Then, the signal-to-noise ratio (SNR) is given by  
)/lg(20, , oNeffo UUdBSNR =  [ dB ]. 

The value obtained of the calculation is compared 

with the specified in step № 1. If the result does not 
meet the specification, for example a more precise op 
amp can be selected. 

− For the non-inverting circuit the resulting noise 
voltage at the output is calculated: 

+++= 2
0

22
,

2
0

2
,

2 4 UeqGFCFOANUCFOANoN ABkTRRIAUU  

( )2/44 NFeqNeqF RRBkTRBkTR ++ . 

Simulation and experimental testing 
To verify the theoretical analysis and the proposed 

procedure, in this section examples of studying of 
TIAs at several transimpedances are given. A wide 
bandwidth ( MHzf 4001 > ) CFOA type AD8011 
(from Analog Devices) is chosen as an active building 
block. The studies of sample TIAs (Fig. 2 and Fig. 3) 
are performed in two stages – simulation modeling 
and experimental testing.  

The computer simulations of the circuits are per-
formed by using AD8011AN PSpice macro-model 
(version 1.0). To obtain the frequency and step res-
ponses through simulation AC sweep and Transient 
analyses with combination of a parametric analysis are 
performed within OrCAD PSpice®.  

For the experimental testing the TIAs were imple-
mented on a FR4 PCBs laminate with SMD passive 
components. The AC transfer characteristics of the 
circuits experimentally, by using network analyzer 
HP4195A, are obtained. 

In Table 1 for the inverting circuit, the calculated 
and simulation results at the FR  equal to Ωk1 , Ω750  
and Ω500  are summarized. The simulations are per-
formed at mAIG 1= , Ω= MRG 1,0 , pFCG 1= , 

pFCM 3=  and pFCRZ LLL 5||50|| Ω== . At FR  
equal to Ωk1  and Ω750 , the peaks are not observed 
and the frequency response decreases monotonically 
with increasing the frequency of the input signal. 
Moreover, in these cases 7,0<pQ  and zp ff < . As a 
result the circuits are stable ( °>ϕ 45m ), without addi-
tional feedback capacitor FC . At Ω= 500FR  the Q- 
factor becomes equal to 0.632, in the form of the fre-
quency and step responses causes small peaking. At 
frequency equal to 226,4MHz °≈ϕ 53m . At further 
increase of the frequency the phase margin becomes 
smaller than 45°, which decreases the stability of the 
amplifier. Then, for Ω≤ 500FR  °≤ϕ 45m  and the 
TIAs becomes unstable. 

The study of the non-inverting circuit (Fig. 3) is 
implemented at feedback resistor Ω= kRF 1  and 

Ω499 . In Table 2, at Ω= kRF 1 , Ω= kRG 1 , 
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pFkZL 3||100 Ω=  – input impedance of the active 
probe type HP41800A and pFCM 3= , the values of 
the dynamic parameters for gains 0UA  equal to 1, 2, 6 
and 11 of the amplifier stage are presented. 

Table 1 
Comparison between calculated and simulation results 

Parameter Calculated results Simulation results 
%11 ±Ω= kRF  

0TRZ / erroU ,  998,9Ω / 7,125mV 998,8Ω / 7,113mV 

zf / pf  842MHz / 183.3MHz – / – 

dBf 3− / mϕ  108,25MHz / 103,4° 104,7MHz / 100° 

rt  3,23ns ( 06,1=ξ ) 5,14ns 

%1750 ±Ω=FR  

0TRZ / erroU ,  749,4Ω / 5,843mV 749,3Ω / 5,834mV 

zf / pf  631MHz / 210,7MHz – / – 

dBf 3− / mϕ  148,7MHz / 85,3° 151MHz / 81,6° 

rt  6,02ns  ( 937,0=ξ ) 6,45ns 

%1500 ±Ω=FR  

0TRZ / erroU ,  499,7Ω / 4,562mV 499,7Ω / 4,554mV 

zf / pf  421MHz / 255,6MHz – / – 

dBf 3− / mϕ  225,8MHz / 58,7° 226,4MHz / 53,3° 

rt  2,52ns  ( 791,0=ξ ) 2,75ns 
 
For Ω= kRF 1 , at voltage gains 0UA  of the amp-

lifier stage equal to 1 and 2 in the form of the fre-
quency and the time response causes peaking, and for 
the voltage follower the amplitude reaches approxi-
mately 15dB. Moreover, at gains 1 and 2, the module 
of the transfer function decreases with greater speed, 
such as for the frequency equal to 500MHz reaches 
value equal to –10dB. For 0UA  equal to 1 and 2 

7,0<pQ , but pz ff < . At gain equal to 1 the calcu-
lated and the simulation value is greater than 400MHz. 
The difference between the calculated and the experi-
mental results is due to the influence of the additional 
parasitic poles, determined by the inertial intermediate 
stages of the real CFOA. At gains equal to 1 and 2, the 
phase shift between the input and the output signal is 
positive, because pz ff < . This additional phase shift 
has a value less than 50°, which does not affect on the 
stability of the circuits. For 0UA  equal to 6 and 11 the 
bandwidth increased, but the frequency and the step 
responses are not ringing ( 707,0<pQ ) and decreased 
monotonically with increasing the frequency of the 
input signal. Furthermore, the zf  is much greater than 
the pf . The phase margin for the four gains is greater 

than 45°, which guarantee that the TIAs are stable, 
according to the Bode criterion. The comparative 
analysis shows that the relative error is less than 10%. 

 
Table 2 

Comparison between calculated and experimental results 

Parameter Calculated 
results 

Simulation 
results 

Experimental 
results 

10 =UA , zf =68,1MHz and pf =285MHz . 

0TRZ  998Ω 1,01kΩ 996Ω 

pQ  0,31 (the amount of 
peaking is 9,6dB) 

(the amount of 
peaking is > 10dB) 

dBf 3−  > 0,4GHz > 0,4GHz ≈ 0,4GHz 

rt  3,57ns 2,61ns - 
20 =UA  ( Ω= kRN 1 ), zf =136MHz and pf =282MHz . 

0TRZ  1,996kΩ 2,01kΩ 1,992kΩ 

pQ  0.3 (the amount of 
peaking is small) 

(the amount of 
peaking is small) 

dBf 3−  239MHz 217MHz 220MHz 

rt  3,78ns 3,45ns - 
60 =UA  ( Ω= 200NR ), zf =409MHz and pf =273MHz . 

0TRZ  5,98kΩ 6,01kΩ 5,94kΩ 

pQ  0,26 (without over-
shoot) 

(without over- 
shoot) 

dBf 3−  78,9MHz 75MHz 72MHz 

rt  4,57ns 4,21ns - 
110 =UA  ( Ω=100NR ), zf =749MHz and pf =262MHz . 

0TRZ  10,97kΩ 10,97kΩ 10,93kΩ 

pQ  0,23 (the amount of 
peaking is small) 

(the amount of 
peaking is small) 

dBf 3−  63.2MHz 68MHz 60MHz 

rt  5,56ns 5,05ns - 
 
The smaller feedback resistance determined wider 

bandwidth and resulted in rise time decreasing. At 
Ω= 499FR  the rise time approximately varied from 

1,8ns ( 20 =UA  – Ω= 499NR ) to 3,2ns ( 100 =UA – 
%1422 ±Ω=FR , Ω= 5,47NR ), while for Ω= kRF 1  

the rise time is almost twice larger. Once again, the 
comparative analysis showed that the relative error for 
the rise time does not exceed 10%. This guarantees 
sufficient degree of accuracy. 

Conclusion 
In this paper the basic circuits of the TIAs, using 

CFOAs are discussed and analyzed. Based on the 
theoretical analyses formulas for the DC, AC and tran-
sient parameters are obtained. The proposed new exp-
ressions considered the physical parameters of the real 
CFOAs. Moreover, using the obtained formulas, a 
design procedure is developed and recommendations 
for stable operation are defined, in comparison to the 
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VFOA based realizations. The efficiency of the pro-
posed procedure is demonstrated by analysis of con-
crete electronic circuits, using high-speed CFOA 
AD8011. The created approach can be useful for de-
sign of TIAs, employing in various mixed-signal sys-
tems.  
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