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Abstract- A method for optimizing a low-noise amplifier (LNA) with understanding Frequency responses of its noise figure 
(NF) and input matching characteristics is introduced. By determining the quality factors (Q-factors) of the NF (Qnf) and the 
input matching network (Qin), the NF and input return loss (S11) frequency response of an LNA are controlled. According to 
different purposes such as narrowband or wideband LNAs, the Q-factors should be chosen properly. Medium-Qnf and high-Qnf 
cascode LNAs in CMOS technologies has been implemented for verifying validity of the proposed theory. 
 
Index Terms- Noise figure, input matching, CMOS, low-noise amplifier, quality factor. 
  
I. INTRODUCTION 
 
RF receiver front-ends, such as dual-band tri-mode 
receiver front-ends compliant with the IEEE 802.11a, 
b, and g standards [1], or even much higher frequency 
60-GHz receiver front-ends [2], have drawn lots of 
attention. This is mainly attributed to the rapid 
evolution of the relatively low-cost CMOS technology 
and the fast development of wireless communication 
techniques. Low-noise amplifiers (LNAs), which 
amplify the small radio-signals received from the 
antenna with a good signal-to-noise ratio property over 
the whole band of interest, is a critical block in receiver 
front-end design. The general requirements of an LNA 
include high and flat power gain S21, good input 
impedance matching (i.e. low input return loss S11), 
and low and flat noise figure (NF) performances across 
the whole band of interest. 
 
For a narrow-band LNA, the methodology to find the 
optimum NF at a specific center frequency under the 
power-dissipation constraint has been proposed [3]. 
However, by using this approach, only a single 
frequency is considered in the NF curve. Thus, an 
unacceptable sharp NF curve may be resulted in [4]. 
For example, the 2-9 GHz CMOS ultra-wideband 
(UWB) LNA in [5] exhibits simultaneous wideband 
S21 and S11 performance; however, the flatness of the 
measured NF of 2.5-7.4 dB is not satisfactory. Besides, 
the 3.1-10.6 GHz CMOS UWB LNA in [6] also 
exhibits simultaneous wideband S21 and S11 
performance, but the flatness of the measured NF of 
4-9.3 dB is again not satisfactory. 
 
In this work, a method for optimizing a low-noise 
amplifier (LNA) with understanding Frequency 
responses of its noise figure (NF) and input matching 

characteristics is introduced. The method involves the 
determination of the quality factor (Q-factor) of the NF 
(Qnf) and the Q-factor of the input matching network 
(Qin). It is found that the NF and the S11 frequency 
responses of an LNA can be controlled by Qnf and Qin, 
respectively. Since the value of Qnf is proportional to 
that of Qin, there is a compromise between input 
matching bandwidth and low NF. The NF and the S11 
frequency responses of a cascode LNA with inductive 
source degeneration are derived in Section II. To verify 
the proposed theory, a medium-Qnf LNA and a 
high-Qnf LNA both with center frequency of 5.5 GHz 
were designed in section III. The experimental results 
of the medium Qnf LNA and the high Qnf LNA are 
discussed in Section IV. Section V is the conclusion. 
 
II. FREQUENCY RESPONSES OF A LNA 
 
A. NF Frequency Response 
A famous cascode LNA with inductive source 
degeneration shown in Fig. 1(a). Fig. 1(b) is input 
noise equivalent circuit of Fig. 1(a). where es, elg, erg, 
els, and ers represent the thermal noise voltages of the 
source resistance RS, series resistance RLg1 of gate 
inductor LG1, transistor gate resistance Rg1, series 
resistance RLs1 of source inductor LS1, and transistor 
source resistance Rs1; ig, and id represent the gate 
induced and channel resistance thermal noise currents. 
Now the noise factor F of the LNA ( 10NF=10 log F ) can 
be expressed as follows [7]: 

 
 

Where Fgn (= /2 2
go soi i ) and Fdn (= /2 2

do soi i ) represent 

the corresponding noise factor contributions of igo and 
ido to the LNA, respectively.  and  are the coefficients 
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of gate noise and channel noise. Based on the 
measured results in [8],  of 4.1 and  of 2.21 are 
adopted for the following NF calculation. in,out stands 
for the total noise current in the short-circuited output 
path originated from the noise  
 

 
Fig. 1 (a) Schematic of the cascode LNA with inductive source 
degeneration. (Biasing not shown.) (b) Input noise equivalent 

circuit of Fig. 1(a). (c) Input small-signal equivalent circuit of Fig. 
1(a). 

 

 

 
  
in which 

 
and 

 

 
Fig. 2  Calculated (a) NF, and (b) S11 versus frequency 

characteristics for the LNA with Qnf as a variable. 
 

 
 
B. S11 Frequency Response 
Fig. 1(d) shows the input small-signal equivalent 
circuit of Fig. 1(a), where RL represents the output 
resistive load of M1. Therefore, the S11 of the LNA in 
Fig. 1(a) can be expressed as follows: 

 
 
in which 
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Fig. 3 (a) Schematic, and (b) chip micrograph of the cascode LNA 

with a medium Qnf of 1.3. 
 

 
and 

 
 

  

 
 
That is, the input matching bandwidth f10dB is 
inversely proportional to the value of G1 S1L L . 
 

 

 
Fig. 4 (a) Schematic, and (b) chip micrograph of the cascode LNA 

with a high Qnf of 2.7. 

feedback inductor LS1. So it is reasonable that T1 S1ω L  
is excluded in the resistance term of Qnf since it is not a 
real resistance. 
 
Fig. 2(a) shows the characteristics of calculated NF 
versus frequency of the cascode LNA with Qnf as a 
variable. As can be seen, in the case of a low Qnf (such 
as 0.35), NF increases rapidly with the increase of 
frequency, not suitable for wideband LNAs. This is 
because in the case of a low Qnf, the quadratic function 
in (2) is dominated by the first-order term )nf nfjω (ω Q . 
This explains why some wideband LNAs [5], [6], [11], 
[12] in the literature exhibited flat gain, but the 
corresponding NF response increased rapidly with the 
increase of frequency. In the case of a medium Qnf 
(such as 0.707 or 1.11), the flat NF responses suitable 
for wideband LNAs was achieved. Furthermore, in the 
case of a relatively higher Qnf (such as 4), the 
corresponding NF curve shows a sharp shape with a 
deep valley at frequency of 5.5 GHz. That is, a 
narrowband low and flat NF frequency response can be 
achieved. This is because in the case of a high Qnf, the 
first-order term )nf nfjω (ω Q  in the quadratic function 
of (2) becomes relatively negligible. The literature [4] 
is an example of the narrowband NF response with 
high Qnf. Fig. 2(b) shows the calculated S11 versus 
frequency characteristics of the cascode LNA with Qin 
(or Qnf) as a variable. As can be seen,  
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Fig. 5  Measured (a) NF, (b) S11, and (c) S21 versus frequency 
characteristics of the medium-Qnf LNA and the high-Qnf LNA. 

 

 
Fig. 6  Measured IIP3 of the medium-Qnf LNA. 

 
10dBf  is indeed inversely proportional to the value of 

LG1+LS1 (or Qin). That is, there is a compromise 
between input matching bandwidth and low NF. Qin or 
Qnf should be chosen for realizing narrowband or 
wideband LNAs. A narrowband NF frequency 
response can be achieved by adopting a relatively 
larger Qnf, which is an under-damped response. On the 
other hand, a wideband NF frequency response can be 

achieved by adopting a relatively smaller Qnf, which is 
an under-damped response. 
 
III. LNA CIRCUIT DESIGN WITH DIFFERENT 
Q-FACTORS 
 
To verify the effect of Qnf on the NF and input 
matching frequency responses of LNAs, a medium Qnf 
(1.3) LNA and a high Qnf (2.7) LNA both with center 
frequency ( in) of 5.5 GHz were implemented by 0.18 
µm and 0.25 µm CMOS technologies, respectively. 
These LNAs has similar first cascode stages with 
different transistor sizes for realizing narrowband and 
wideband NF and input matching frequency responses. 
 
A. Medium-Qnf LNA Circuit Design 
Fig. 3(a) shows the schematic of the LNA with a 
medium (or relatively lower) Qnf of 1.3. This LNA was 
designed for achieving a relatively wider NF and input 
matching bandwidth with center frequency of 5.5 GHz. 
Basically, this CMOS LNA was a cascode amplifier 
(M1 and M2) with one source-degenerative inductor 
(LS1) and one gate inductor (LG1) for simultaneous 
input-impedance and noise matching. L1 and C3 
function as the tuned load. According to (3) and (4), a 
relatively smaller LG1+LS1 and larger Cgs1+Cgd1 should 
be chosen for a medium-Qnf LNA. Hence, a relatively 
larger size of 250 µm/0.18 µm was selected for M1 to 
obtain a relatively larger Cgs1 of 176 fF and Cgd1 of 72 
fF. In addition, relatively smaller inductance of 2.54 
nH and 0.2 nH was chosen for inductors LG1 and LS1, 
respectively. The other component parameters were as 
follows: C1 = 4.76 pF, C2 = 9.52 pF, C3 = 186 fF, L1 = 
2.55 nH, R1 = 3 k, and R2 = 3 k. The size of 125 
µm/0.18 µm was selected 
 

 

 
Table I  Summary of the implemented medium-Qnf LNA, high-Qnf LNA, and the CMOS UWB LNAs. 

for M2. Fig. 3(b) shows the chip micrograph of the LNA with Qnf of 1.3. The chip area was only 0.4 mm2 
excluding the testing pads. 
 
B. High-Qnf LNA Circuit Design 
Fig. 4(a) shows the schematic of the LNA with a high 
(or relatively higher) Qnf of 2.7. This LNA is designed 

in order to achieve a relatively narrower and lower NF 
over the narrower frequency band of interest. The 
center frequency is also 5.5 GHz. This LNA is 
basically a cascode amplifier (M3 and M4) with one 
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source-degenerative inductor (LS3) and one gate 
inductor (LG3) for simultaneous input impedance and 
noise-matching. L2 and Cd4 (the total parasitic 
capacitance at the drain of transistor M4) function as 
the tuned load of the cascode amplifier. The major 
difference is that a source follower composed of M6 
and a current source (M5) was added to be a buffer for 
test purposes [13]. According to (3) and (4), a 
relatively larger LG3+LS3 and smaller Cgs3+Cgd3 should 
be chosen for a high-Qnf LNA. Hence, a relatively 
smaller gate size of 110 mm/0.24 mm was selected for 
M3 to obtain a relatively smaller Cgs3 of 135 fF and Cgd3 
of 49 fF. In addition, relatively larger inductance of 3.8 
nH and 0.26 nH was chosen for inductors LG3 and LS3, 
respectively. The inductance of L2 was 1.5 nH. The 
sizes of M4, M5, and M6 are 1210 µm/0.24 µm, 1210 
µm/0.24 µm, 810 µm/0.24 µm, respectively. Fig. 4(b) 
shows the chip micrograph of the LNA with Qnf of 2.7. 
The chip area was only 0.28 mm2 excluding the testing 
pads. 
 
IV. MEASUREMENT RESULTS AND 
DISCUSSIONS 
 
The noise and scattering parameters were measured 
on-wafer. For the CMOS LNA with a medium Qnf of 
1.3, the LNA drained 7 mA current from a supply 
voltage (VDD) of 1.8 V, i.e. it consumed only 12.6 mW 
power. For the CMOS LNA with a high Qnf of 2.7, the 
LNA drained 7.1 mA current from a VDD of 2.5 V, i.e. 
it consumed 17.8 mW power. Fig. 5(a) shows the 
measured and calculated NF versus frequency 
characteristics of the medium Qnf LNA and the high 
Qnf LNA. For the medium Qnf LNA, flat NF of 3.4-6 dB 
(or 4.71.3 dB) was achieved over the frequency range 
of 2-8 GHz. Besides, for the high Qnf LNA, its NF 
curve shows a sharp deep valley, i.e. an under-damped 
response. The corresponding NF was 2.1-8.3 dB (or 
5.23.1 dB) over the frequency range of 3-8 GHz. The 
result is consistent with the theory in Section II. 
Fig. 5(b) shows the measured S11 versus frequency 
characteristics of the medium-Qnf LNA and the high 
Qnf LNA. The measured S11 of the medium-Qnf LNA 
was below –10 dB from 4.41 GHz to 6.19 GHz, i.e. the 
input matching bandwidth was 1.78 GHz. Besides, the 
measured S11 of the high-Qnf LNA was below –10 dB 
from 4.51 GHz to 6.15 GHz, i.e. the input matching 
bandwidth was 1.64 GHz. The trend of the 
measurement results is consistent with the theory in 
Section II. 
 
Fig. 5(c) shows the measured S21 versus frequency 
characteristics of the medium-Qnf LNA and the high 
Qnf LNA. The peak S21 of the high-Qnf LNA was 19.5 
dB (at 5.2 GHz), which is 8.2 dB higher than that (11.3 
dB at 5.4 GHz) of the medium Qnf LNA. The reason 
why the high Qnf LNA exhibited higher S21 is mainly 

due to the addition of the buffer stage. The cost is a 
higher power-consumption (17.8 mW v.s. 12.6 mW). 
Fig. 6 shows the measured input three-order 
inter-modulation point (IIP3) of the medium-Qnf LNA 
is –11 dBm. 
Table I is a summary of the implemented medium-Qnf 
LNA, high-Qnf LNA, and the CMOS UWB LNAs. As 
can be seen, compared with the high-Qnf LNA, the 
medium-Qnf LNA exhibited wider input matching 
bandwidth and flatter NF frequency response due to 
smaller Qin and Qnf, respectively. Besides, due to the 
selected medium Qnf of 1.3, the medium-Qnf LNA 
achieved a flatter NF frequency response (NF variation 
was only 2.6 dB over 2-8 GHz) than the 2-9 GHz 
CMOS UWB LNA (NF variation was 4.9 dB) in [5], 
the 3.1-10.6 GHz UWB LNA (NF variation was 5.3 dB) 
in [6], and the 2.6-10.2 GHz CMOS UWB LNA (NF 
variation was 4 dB) in [14]. 
 
CONCLUSION 
 
In this paper, we introduce the methodology of hand 
analysis to estimate the NF and S11 frequency 
responses of an LNA. The NF and S11 frequency 
responses of an LNA can be controlled by Qnf and Qin, 
respectively. A medium Qnf (1.3) LNA and a high Qnf 
(2.7) LNA with center frequency of 5.5 GHz fabricated 
with 0.18 µm and 0.25 µm CMOS processes, 
respectively, were used to verify the proposed theory. 
The measurement results show that medium Qnf 
frequency response is suitable for wideband 
application, while high Qnf frequency response is 
suitable for narrowband application. 
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