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Abstract:    The S parameter expression of high-frequency models of the high electron mobility transistors (HEMTs) with basic 
feedback structure, especially the transmission gain S21, is presented and analyzed. In addition, an improved feedback structure and 
its theory are proposed and demonstrated, in order to obtain a better gain-flatness through the mutual interaction between the series 
inductor and the parallel capacitor in the feedback loop. The optimization solution for the feedback amplifier can eliminate the 
negative impacts on transmission gain S21 caused by things such as resonance peaks. Furthermore, our theory covers the shortage 
of conventional feedback amplifiers, to some extent. A wideband low-noise amplifier (LNA) with the improved feedback tech-
nology is designed based on HEMT. The transmission gain is about 20 dB with the gain variation of 1.2 dB from 100 MHz to 6 
GHz. The noise figure is lower than 2.8 dB in the whole band and the amplifier is unconditionally stable.  
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1  Introduction 
 

Wideband and ultra-wideband (UWB) low noise 
amplifiers have attracted extensive research interest 
over recent years. A wide range of modern and future 
communication systems that operate over a band-
width exceeding several gigahertz, such as software- 
defined radio and UWB, have been proposed. UWB 
systems are capable of data-transfer rates of up to 
gigabits per second (Win and Scholtz, 1998; Roy et 
al., 2004). This poses a more stringent requirement on 
the UWB transceiver (Scholtz et al., 2000), especially 
for the front-end low-noise amplifier (LNA), which 
has to provide an ultra-wide bandwidth with a rea-
sonable noise figure (NF). 

The feedback amplifier is one of the most 
commonly used radio frequency/mm-wave wideband 
amplifiers. It demonstrates a number of virtues, in-
cluding good input and output matching, excellent 
bandwidth, low cost, and easy integration, making it a 
reliable wideband topology (Gharpurey, 2004; Ismail 
and Abidi, 2004; Lee and Cressler, 2005; Park et al., 
2005; Bahl and Bhartia, 2006). Gain flatness is the 
key problem of wideband LNA. A classical approach 
to widening bandwidth is negative feedback, which is 
normally achieved in the form of resistive shunt 
feedback (Barras et al., 2004; Kim et al., 2005; Zhan 
and Taylor, 2006). The resistive feedback allows for 
good input and output matching from low frequency 
to high frequency, but it can hardly achieve sufficient 
bandwidth (Li and Zhang, 2007); the reactive feed-
back structure obtained with a series inductor Lf 
added to the resistive feedback loop is often adopted 
in these feedback-based designs. It can compensate 
for the inherent decrease of HEMT’s gain in high 
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frequency and counteract the decrease of gain in-
duced by the resistive feedback (Xie et al., 2009). But 
in this structure of feedback LNA, resonance peaks of 
transmission gain S21 are caused by series inductor Lf, 
transistor’s parasitic parameters, and the inductive 
effect in the feedback loop, and will seriously influ-
ence bandwidth and gain flatness of the amplifier. 
Another reactive feedback structure of the resistive 
feedback loop with a parallel capacitor Cf added is the 
ability to also broaden the bandwidth, but with a de-
terioration of the magnitude of transmission gain of 
LNA. 

In this paper, an improved feedback structure 
and its theory are proposed and demonstrated, in 
order to produce a better gain flatness through the 
mutual interaction between the series inductor and the 
parallel capacitor in the feedback loop. It could solve 
the problems associated with the resonance peak and 
gain deterioration in the reactive feedback structures 
or resistive feedback structures. In addition, the ex-
pression of HEMT’s S-parameter with the feedback 
structure is obtained by analyzing its high-frequency 
small-signal equivalent model. Different structures of 
feedback circuit have different influences on the 
S-parameter, especially on the transmission gain S21. 
To verify our proposed method, a wideband LNA 
with improved feedback technologies is presented. It 
is found that theoretical analysis and actual simula-
tion experiments by Agilent ADS agree well. Our 
theory could remedy the shortage of conventional 
feedback amplifiers to some extent and further pro-
mote the performance of wideband feedback LNA. 
 
 
2  High-frequency model and calculation of 
negative feedback 
 

Fig. 1a shows a small signal equivalent circuit of 
the basic HEMT feedback amplifier (Gonzalez, 2006). 
As is known, at low frequencies, the S-parameters of 
the feedback amplifier have little dependence on the 
frequency. But at high frequencies, the parasitic pa-
rameters of HEMT should not be ignored. Specifi-
cally, both the gate-source junction capacitance Cgs 
and the output conductance gds greatly influence the 
properties of the amplifier in the microwave band. 
With the impacts of Cgs and gds considered and the 
parasitic parameters of HEMT ignored, the unidirec-
tional high-frequency equivalent modeling of the 

feedback amplifier will be obtained, as shown in  
Fig. 1b (Gonzalez, 2006). Thus, we can more accu-
rately analyze the performance of negative feedback 
amplifier. LD is a compensating inductor that is often 
used to compensate the transmission gain at high 
frequencies for extending the bandwidth and im-
proving the output voltage standing wave ratio 
(VSWR) (Fu et al., 2010). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Based on the above conditions, voltages and 

currents in Fig. 1b are described by the following  
Eqs. (1) and (2): 
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Fig. 1  Small signal equivalent circuit of the basic HEMT 
feedback amplifier (a) and unidirectional high-frequency 
equivalent circuit of HEMT with feedback structure 
(Cgs>>Cgd) (b) 
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Therefore, Y-parameters of the equivalent circuit in 
Fig. 1b are as follows: 
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The S parameter of HEMT with feedback is derived 
from Eq. (4) and represented as 
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As shown in Eq. (9), trans-conductance gm, 

feedback impedances Zf, LD, Zds, and Zgs jointly de-
termine the amplitude of S21. But the gain of HEMT 
decreases at the rate of 6 dB/octave when the fre-
quency increases due to several intrinsic parasitic 
parameters. Thus, it is necessary to compensate and 
counterpoise the whole frequency response to the 
HEMT with reactive elements in the feedback loop. 
The gain flatness in the UWB can be realized with 
proper values of feedback impedance Zf. 

3  Improved feedback structure and com-
parison with other feedback structures 
 

The reactive feedback amplifier with an RL 
feedback network in Fig. 2a contains two series in-
ductors, LD in the drain line and Lf in the feedback 
loops. Fig. 2b shows another reactive feedback 
structure with an RC feedback network. According to 
Eq. (9), transmission gains of the two circuits in Figs. 
2a and 2b are calculated and demonstrated in Figs. 3 
and 4, respectively. For the further insight into the 
LNA, the typical value of each parameter used in the 
calculation is listed in Table 1 (Wang et al., 1992). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

By varying the values of the inductor Lf and 
capacitor Cf, their influence on insertion gain and 
bandwidth of the amplifier in Fig. 1 is well demon-
strated. This comparison is presented in Figs. 3 and 4 
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Fig. 2  Schematic circuit of the basic feedback amplifier
(a) RL feedback network; (b) RC feedback network; (c) Im-
proved feedback network 

Table 1 Typical parameters used in the calculation 
Parameter Value Parameter Value 
gm (S) 0.20 Cds (fF) 19 
Cgs (fF) 27.1 LD (nH) 0.2 
Ri (Ω) 1.4 Rf (Ω) 180 
Rds (Ω) 531 f (GHz) 0–10 

Fig. 3  Dependence of S21 on frequency and Lf in Fig. 2a 
when Rf=180 Ω 

12
345

024 6810 

15

16

17

18

19

20

21

S
21

 (d
B

)

Lf (nH)
f (GHz) 



Li et al. / J Zhejiang Univ-Sci C (Comput & Electron)   2011 12(7):608-613 611

for a series of selected combinations of Lf and Cf. The 
curves clearly demonstrate the influence of Lf and Cf 
on the bandwidth and gain response of the basic 
feedback amplifier.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
When the series inductor Lf and parallel capaci-

tor Cf are both close to zero, a small value Cgs (27.1 fF 
as given in Table 1) causes a small gain reduction as the 
frequency increases from 0 to 10 GHz (Figs. 3 and 4).  

For the series inductor Lf in Fig. 2a, when the 
value changes from 0 to 5 nH, the transmission gain 
S21 increases from 16.2 dB to nearly 22.4 dB as the 
frequency increases from 0 to 10 GHz. For the par-
allel capacitor Cf in Fig. 2b, when its value changes 
from 0 to 0.12 pF, the transmission gain S21 decreases 
from about 16.5 to 12.8 dB as the frequency increases 
from 0 to 10 GHz.  

The reactive feedback amplifier with an RL 
feedback network (Fig. 2a) contains two series in-
ductors in the feedback loops, which have been in-
serted to extend the bandwidth of the amplifier. 
However, in practical circuit design, the series in-
ductor Lf, transistor’s parasitic parameters, and the 
inductive effect in the feedback loop would induce 
resonance peaks of the S21 curves. Though the two 
inductors, Lf and LD, could compensate the transmis-
sion gains at high frequencies to extend the bandwidth 
of the amplifier (Xie et al., 2009; Fu et al., 2010), the 
resonance peaks would cause an evident deterioration 
of the gain flatness. 

The reactive feedback structure with an RC 
feedback network (Fig. 2b) can also broaden the 
bandwidth, but it deteriorates the magnitude of the 
transmission gain of LNA.  

Therefore, we present an improved topology 
which uses a series inductor and a parallel capacitor in 

the feedback loop simultaneously (Fig. 2c). 
To obtain a detailed comparison, we choose a 

value of Lf arbitrarily, for example, 3.9 nH, and we 
will find that the parallel capacitor Cf and the series 
inductor Lf play a role of mutual compensation and 
balance in the peak of gain (Fig. 5a).  

The dependence of S21 on both the series in-
ductor Lf and the parallel capacitor Cf is well demon-
strated in Fig. 5b, which is the side view of Fig. 5a. It 
is clear that there is an optimum parallel capacitor 
value that makes the S21 curve flat with 0.2 dB of gain 
variation in the whole band from 0 to 10 GHz; this 
value is approximately 0.045 pF. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Reactive elements in the feedback loop can ad-
just the magnitude and phase of the feedback current 
If. The series inductor Lf enhances the amount of 
feedback at low frequencies, while reducing the 
amount at high frequencies. In addition, the parallel 
capacitor Cf can enhance the amount of feedback at 
low frequencies, while reducing the amount at high 
frequencies. A reactance component can produce a 

Fig. 4  Dependence of S21 on frequency and Cf in Fig. 2b 
when Rf=180 Ω 
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pole on transmission gain S21, so we use two reactance 
components to control the feedback current If at dif-
ferent frequencies. By the superposition of the two 
reverse poles, the resonance peaks on transmission 
gain S21 could be suppressed and eliminated, which 
improves flatness compared to conventional feedback 
amplifiers. 

 
 

4  Validation results and discussion 
 

An amplifier was designed based on the Agilent 
ATF-551M4 low noise enhancement mode pseudo-
morphic HEMT (EpHEMT) in two stages. ATF- 
551M4 was supplied in a leadless surface-mount 
plastic package with dimensions of 1.4 mm×1.2 mm 
×0.7 mm, and its 400-μm gate width combines low 
noise figure coincident with high intercept point. 

Fig. 6 shows the schematic diagram of the wi-
deband LNA. This circuit uses multiple stages with 
the improved feedback structure to improve the gain 
and gain flatness. Here, the DC source of 5 V supplies 
DC bias of two transistors through R1–R6. C1–C4 and 
L1–L4 are bypass capacitors and choke inductors, 
respectively. Both C5 and C6 are 0.1 pF. L5 and L6 
equal 0.6 nH. Both of the input and output networks 
are composed of resistances and microstrip lines. 

 
 
 
 
 
 
 
 
 
 
 
 
 
The schematic circuit was simulated with 

Agilent ADS. As a three-dimensional electromag-
netic simulator of ADS, Momentum is able to gener-
ate accurate EM models during simulation. We used 
co-simulation with schematic and momentum based 
on methods of moments. Actual models of capacitor 
and inductor in the above circuit were adopted from 
the Murata Components Library for Agilent ADS. 
The accuracy and efficiency of simulations have been 

improved, since physical effects of the layout com-
ponents were taken into account. The transmission 
gain S21 (Fig. 7) is approximately 20 dB with only  
1.2 dB of gain variation from 100 MHz to 6 GHz.  
Fig. 8 shows the other performance parameters of the 
wideband LNA. The noise figure in the whole band is 
lower than 2.8 dB, and VSWRs of the input port and 
output port are both lower than 2.4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As a comparison, Fig. 7 also gives the gain 

curves of LNA adopting the other reactive feedback 
networks. Evident resonance peak occurs at about  
6.3 GHz in the S21 curve of LNA with the RL feed-
back network (without parallel capacitor C5 or C6 in 
the feedback loop). A similar resonance peak occurs 
in LNA with the pure resistive negative feedback 
network. When the RC feedback network (without 
series inductor L5 or L6) is adopted, the gain declines 
from 20 to 12 dB. When we adopt the improved 
feedback network (with both parallel capacitors and 
series inductors added to the feedback loops), the gain 
peak can be eliminated, and the gain curve becomes 
flat with 1.2 dB of gain variation from 100 MHz to  
6 GHz. 

Fig. 7  Transmission gain S21 of the two-stage wideband 
LNA 
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Although the improved feedback structure is an 
efficient gain flatness optimization solution, it has 
some limitations. For example, it may deteriorate the 
stability of the feedback LNA to some extent. Thus, 
we can make a compromise between the different 
performance parameters. We could choose proper 
feedback structures and component parameters ac-
cording to our demands in practical circuit design.  
 
 
5  Conclusions 
 

An improved topological structure and its cor-
responding theory are presented to obtain a better 
performance of the feedback wideband LNA through 
the mutual interaction between the series inductor and 
parallel capacitor in the feedback loop. The optimi-
zation solution of the feedback amplifier based on this 
theory can eliminate resonance peaks on transmission 
gain S21 very well. Furthermore, our theory over-
comes several shortcomings of the conventional 
feedback amplifier. A wideband LNA with the im-
proved feedback technology is designed based on the 
Agilent ATF-551M4 low noise enhancement mode 
pseudomorphic HEMT. The transmission gain is 
about 20 dB with the gain variation of 1.2 dB from 
100 MHz to 6 GHz. The noise figure is lower than  
2.8 dB in the whole band and the amplifier is uncon-
ditionally stable.  
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