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Abstract—A variable-gain 0.18 µm Complementary Metal-
Oxide-Semiconductor (CMOS) Low-Noise Amplifier (LNA) 
for Medical Device Radiocommunications Service 
(MedRadio) applications has been designed and verified 
through simulations in Cadence IC5 with Silterra’s C18G 
CMOS technology Process Design Kit. Unlike other 
MedRadio LNAs from previous works, this proposed LNA 
can vary its gain from just above 10 dB to nearly 30 dB. It 
consists of three stages; the input-matching stage, the inter-
stage buffer, and the gain-varying stage. The input-matching 
stage provides an input impedance match and drives the 
initial gain of the LNA. The inter-stage buffer isolates the 
input-matching stage from the gain-varying stage. The 
overall gain of the LNA can be varied and is determined by 
the variable biasing of the driving transistors of the gain-
varying stage. On post-layout simulations with a source-
follower output buffer, this LNA exhibits a wide-ranging gain 
from 11.2 dB at 0.49 mW DC power consumption to 29.1 dB 
at 1.34 mW DC power consumption. 

Index Terms—Low-Noise Amplifier (LNA), Medical Device 
Radiocommunications Service (MedRadio), variable-gain 

I. INTRODUCTION 

In today’s world, affordable and economical medical 
services are getting more and more important due to the 
increase in global life expectancy. Consequently, 
extensive research and development activities in the field 
of wireless communications specifically for biomedical 
purposes are growing rapidly. These activities have since 
paved the way for the development and introduction of 
some state-of-the-art biomedical devices such as remote-
controlled cardiac pacemakers and implants for drug 
delivery [1]. These implantable biomedical devices 
promote patients’ independence and enable them to carry 
on with their lives like ordinary people [2]. One of the most 
common frequency bands to be utilized for wireless 
communications of these medical devices is the Medical 
Device Radiocommunications Service (MedRadio) 
frequency spectrum that spans from 401 MHz to 406 MHz 
[3, 4]. Other frequency band options for wireless 
communications of biomedical devices include the 
European Short-Range Radio Device (SRD) band between 
868 MHz to 928 MHz and the Industrial Scientific Medical 

(ISM) band around 2.4 GHz. However, unlike these two 
bands, the MedRadio frequency spectrum is solely 
dedicated to biomedical applications thus making it much 
more suitable for wireless communications of biomedical 
devices as compared to the ISM and SRD bands [5]. 

The Low-Noise Amplifier (LNA) is usually the first 
active block in the receiver section of a general wireless 
communication system [6]. It must therefore provide 
sufficient gain to amplify signals received at the antenna 
and at the same time minimize the amount of added noise. 
A very low noise figure value for the LNA is desired since 
it is the first active stage in the receiver chain. To minimize 
the noise contribution of subsequent stages after the LNA, 
the gain of the LNA must be significantly large [6]. The 
LNA should also be capable of limiting distortions when 
handling relatively large input signals. To obtain 
maximum power transfer into the LNA, a suitable input 
impedance, which is usually 50 Ω, must be presented at its 
input. For MedRadio applications, it is extremely 
important for the LNA in the receiver front-end of a 
biomedical device to consume as little power as possible. 
This is to prolong battery life to reduce the frequency of 
surgery for battery replacement hence providing more 
stability, reliability, and cost-efficiency for the biomedical 
device [7]. However, operating at very low power may 
compromise the gain and noise figure of the LNA thus 
affecting the signal transmission through the receiver chain 
and degrading the whole communication system 
performance [8]. Hence, the main challenge in the design 
and development of a MedRadio LNA is to obtain a 
suitable trade-off between the gain, noise figure, and DC 
power consumption of the LNA. In addition, a very small 
physical size of the LNA integrated circuit (IC) is desirable 
to minimize the overall size of the receiver front-end and 
the biomedical device as a whole. This is for convenience 
as the biomedical devices are to be body-worn or 
embedded underneath the skin of the patient [9]. 

The sensitivity of an RF (Radio-Frequency) receiver is 
defined as the minimum input power that is required for 
detection by the receiver. Link budget analyses done by 
previous works such as [5, 10, 11] suggested sensitivity 
values of −90 dBm to −97 dBm for RF receivers of 
MedRadio devices. With these very low input power levels, 
the gain of the LNA must be adequately high to amplify 
the input signal before the down-conversion by the mixer. 
Reference [11] proposed a gain specification of greater 

Manuscript received January 8, 2024; revised April 3, 2024; 
accepted April 18, 2024. 

*Corresponding author 

International Journal of Electrical and Electronic Engineering & Telecommunications Vol. 13, No. 4, 2024

293doi: 10.18178/ijeetc.13.4.293-303



than 35 dB which was considerably very high. Reference 
[10] however, suggested a much more relaxed gain 
specification of just over 10 dB. The sensitivity of a 
MedRadio receiver was also used to determine the 
required noise figure of the receiver. From a sensitivity of 
around −90 dBm, Reference [11] estimated a value of 
approximately 19 dB for the overall noise figure of a 
MedRadio receiver. Reference [5] however, suggested a 
much lower overall noise figure value of 12 dB to allow 
for sensitivity of −97 dBm. Since the LNA is the first 
active component of the receiver, the noise figure of the 
LNA should be lowered to as low as possible. For input 
return loss, 10 dB is commonly accepted as the minimum 
level in RF and microwave systems to reduce the amount 
of reflected signal. With a maximum transmitted power of 
−16 dBm, MedRadio signals are typically very low and 
weak RF signals. At the receiver input, the maximum 
received power is estimated to be just around −30 dBm due 
to the minimum communication distance of 20 cm for 
health-monitoring applications [11]. Hence, the linearity 
for MedRadio LNAs should not be much of a concern as 
long as the LNA does not start to saturate below −30 dBm 
of input power level. Therefore, −30 dBm (or greater) 
should be the suitable target for the input 1-dB 
compression point (IP1dB). The input third-order intercept 
point (IIP3) is related to IP1dB by [12]: 

IIP3 = IP1dB + 9.6 dB                          (1) 

Previous works on MedRadio LNA seemed to be 
directed towards finding the optimum balance amongst all 
the aforementioned LNA parameters [5, 9, 11, 13]. The 
LNAs in these works operated with fixed DC conditions 
that focused on low DC power consumption with high gain, 
low noise figure, and also acceptable linearity and input 
return loss. In actual fact, the DC power consumption 
could have been further reduced when the input signal 
power level was significantly higher than the sensitivity of 
the receiver. In this condition, the LNA gain requirement 
could have been relaxed, hence lower DC power 
consumption with lower gain could be afforded. On the 
contrary, in cases where the input signal was very weak 
and the input power level was only slightly higher than the 
receiver’s sensitivity, a much higher gain would be needed 
and this would require the DC power consumption to be 
increased. All in all, the LNA could have been more 
efficient if the gain and DC power consumption were not 
fixed and could be adjusted according to the strength of the 
input signal at the receiver. Hence, the objective of this 
work is to propose a variable-gain LNA integrated circuit 
for MedRadio applications. The gain-variability of this 
LNA will also be very useful to counteract the effect of 
process variations and mismatches of the IC, hence 
improving the yield. 

This paper describes the circuit design and analysis of a 
variable-gain LNA for MedRadio applications together 
with its post-layout simulation results and discussions. 
Section II of this paper reviews some previous works on 
variable-gain LNAs. The circuit design and analysis of the 
proposed variable-gain MedRadio LNA are described in 
Section III. Section IV presents the post-layout simulation 

results and some discussions of the results. Section V 
concludes this work. In this work, Silterra’s 0.18 µm 
CMOS technology is employed. 

II. PREVIOUS REPORTED VARIABLE-GAIN LNAS 

To the best of the authors’ knowledge, no such variable-
gain MedRadio LNA has been reported to date. Reference 
[14] however, proposed a complementary metal-oxide-
semiconductor (CMOS) reconfigurable MedRadio 
receiver front-end with 3 operational modes; active-
matching mode, variable-gain mode, and LNA-bypass 
mode. Although some raw simulation results were 
provided, this work, however, focused more on the 
architectural level without going into too much detail on 
the circuits involved. There was also no physical 
implementation in the form of an IC layout. The emphasis 
of this work was generally on providing a wide-range 
energy-performance scalability study. It was not providing 
an integrated circuit solution for a receiver front-end of 
MedRadio biomedical devices. The receiver front-end in 
this work consisted of an LNA, a passive mixer, and a 
differential ring oscillator. The variable-gain mode worked 
at the LNA level. In this mode, the LNA gain could be 
adjusted through two methods. The first method was by 
varying the total width of the LNA’s CMOS transistors 
which caused a change in total current through the 
transistors. This was implemented by connecting LNA 
cells of the same size in parallel. With this parallel 
structure, the total transistor width of the LNA could be 
reconfigured by turning on different numbers of LNA cells. 
This method of varying the gain and DC power 
consumption did not seem to be very feasible since having 
several LNAs connected in parallel would take up a 
significant amount of space in the IC. This would result in 
a very bulky and space-consuming receiver front-end and 
hence might not be suitable for biomedical devices. The 
second method was by tweaking the gate-biasing voltage 
of the LNA transistors to vary the current through the 
transistors. Even though the current was very sensitive to 
the gate-biasing voltage, this method of adjusting the gain 
and DC power consumption seemed to be more practical 
and realistic in terms of the physical realization of the IC, 
compared to the first method.  

Although no such variable-gain MedRadio LNA has 
been reported thus far, several published works on general 
variable-gain LNA are available in the literature. The work 
in [15] presented a 0.6 mW 0.18 µm CMOS variable-gain 
LNA with an operating frequency of 2.8 GHz. In this work, 
the LNA was capable of varying its gain from 4 dB to 10 
dB. A 0.18 µm CMOS variable-gain LNA for 0.18 µm 3.5 
GHz to 9 GHz ultra-wideband applications was proposed 
by [16]. The gain variation of this LNA was from 6 dB to 
12 dB at 14 mW constant DC power consumption. In [17], 
a 0.3 GHz to 1.4 GHz inductorless CMOS variable-gain 
LNA was described. The gain for this LNA could be varied 
from −24.9 dB to 21 dB with an unchanged DC power 
consumption of 8 mW. For all these three works, the 
purpose of gain variation was to maintain the linearity of 
the LNA by preventing large input signals from saturating 
the LNA. In all these 3 works, gain variation was achieved 
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by tuning the gate-biasing voltage of the MOS transistor in 
the feedback path, and this did not cause any change in the 
total DC power consumption of the LNA. Hence, for these 
3 works, the variable-gain function was not for power-
saving when the input signal is large. In addition, the 
operating frequency ranges of [15] and [16] and the 
relatively high DC power consumption of [16] and [17] 
were not suitable for MedRadio applications. 

III. CIRCUIT DESIGN AND ANALYSIS 

A. Topology and Structure 
The work from [13] had proven the effectiveness of the 

complementary common-source current-reuse topology 
with active shunt feedback in producing an LNA circuit 
with generally acceptable overall performance for 
MedRadio applications. This topology, however, may only 
be suitable for a fixed gain value. This is because for this 
topology, varying gain changes the input impedance of the 
LNA [13]. In turn, this causes the input return loss of the 
LNA to change according to the varying input impedance. 
Therefore, utilizing this topology as a variable-gain LNA 
may not guarantee good acceptable input return losses for 
all gain values. To alleviate this problem, the gain-varying 
part and the input-matching part of the LNA are segregated 
into two distinct stages. 

The input-matching part becomes the first stage of the 
LNA as it is required to provide a suitable impedance 
match for input signals to the LNA. This input-matching 
stage utilizes the combination of complementary common-
source current-reuse topology with active shunt feedback 
to sufficiently bring the input impedance down to 50 Ohm. 
The currents through both the complementary common-
source current-reuse structure and the active shunt 
feedback source-follower structure in this stage of the 
LNA are fixed for steady input impedance.  

The gain-varying stage of the LNA is separated from the 
input-matching stage by an inter-stage buffer in the form 
of a source-follower. This gain-varying stage also employs 
the complementary common-source current-reuse 
topology to maximize the gain of the LNA and minimize 
the noise figure with economical DC power consumption. 
To change the gain of the LNA, the current (hence DC 
power consumption) in the gain-varying stage is changed. 
This can be done by adjusting the gate-biasing voltages of 
both the NMOS and PMOS driver transistors in the 
complementary common-source current-reuse network of 
the gain-varying stage. This method of varying the gain is 
one of two methods utilized by [14] as gain-tuning knobs. 
In this work, this method is chosen over the other method 
in [14] because it is fairly straightforward to vary the gate-
biasing voltages, for example, through an external 
microcontroller. This method also seems to be more 
practical and realistic in terms of physical realization of the 
IC, compared to the other method where many LNA cells 
of the same size are arranged together in parallel, thus will 
take up a significant amount of space in the IC. 

The presence of an inter-stage buffer between the input-
matching stage and the gain-varying stage of the LNA 
shields the input-matching stage from being affected by 
any current variation in the gain-varying stage.  This is so 

that the input impedance of the LNA may remain stable 
regardless of any change that occurs in the gain-varying 
stage. The block diagram in Fig. 1 illustrates the proposed 
structure of this variable-gain LNA. 

In Fig. 1, the proposed variable-gain LNA consists of 
three distinct stages; the input-matching stage, the inter-
stage buffer, and the gain-varying stage. The input-
matching stage itself consists of two circuit structures, A 
and B. A is a complementary common-source current-
reuse amplifier and B is a source-follower. The inter-stage 
buffer is made up of another source-follower, C. D is 
another complementary common-source current-reuse 
amplifier that represents the gain-varying stage of this 
LNA. 

 
Fig. 1. Proposed structure of the variable-gain LNA in this work. 

B. Input-Matching Stage 
The main function of the input-matching stage is to 

provide an impedance match at the input of the LNA to 
obtain an acceptable input return loss. In addition to 
impedance match, this stage also provides initial gain to 
the LNA that will contribute to its overall gain. To carry 
out these functions, the input-matching stage consists of a 
complementary common-source current-reuse amplifier 
structure that drives the initial gain of the LNA and a 
source-follower network that acts as an active shunt 
feedback to present a suitable impedance at the input of the 
LNA for impedance match. The complementary common-
source current-reuse structure is being utilized to obtain 
high gain and low noise figure with economical total DC 
power consumption. This is necessary and is a requirement 
for MedRadio biomedical devices. The source-follower 
shunt feedback network is being employed for input-
matching purposes instead of the very common inductive-
degeneration technique to avoid the use of bulky inductors. 
This is to attain a much smaller size of the IC, which is 
another requirement for MedRadio devices. Fig. 2 
illustrates the schematic circuit diagram for the input-
matching stage that comprises a complementary common-
source current-reuse structure and a source-follower shunt 
feedback network. 

In Fig. 2, the complementary common-source current-
reuse structure is made up of NMOS transistor M4 and 
PMOS transistor M3 with M3 being stacked on top of M4 
in the same DC current path. DC current IS2 flows from 
supply voltage VS2 through the source-drain channel of M3 
and this same current is reused through M4. Input AC 
signals are fed into the gates of M3 and M4 for 
amplification and the amplified output signals appear in-
between the drains of both transistors. For both M3 and M4, 
the bulk is tied to the source to eliminate body effects. The 
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source-follower shunt feedback network in Fig. 2 consists 
of NMOS transistors M1 and M2, where M1 is the driving 
transistor and M2 functions as a current source. With this 
source-follower shunt feedback network, the input 
impedance of the LNA can be approximated by the 
impedance looking into the source terminal of M1. 
Capacitors C1 to C5 are all needed to block DC currents 
from going into the AC signal transmission paths. 
Resistors R1 to R3 on the other hand, prevent AC signals 
from being shorted to ground. 

 
Fig. 2. Schematic circuit diagram of the input-matching stage. 

 
Fig. 3. Simplified small-signal equivalent circuit of the input-matching 

stage. 

The simplified small-signal equivalent circuit of the 
input matching stage is depicted in Fig. 3 [18]. This small-
signal equivalent circuit has been simplified by omitting 
capacitors C1 to C5 and resistors R1 to R3. From Fig. 3, the 
low-frequency small-signal gain of the input-matching 
stage Av|IM can be derived and simplified as: 

( ) o|M3 o|M4

v|IM m|M3 m|M4
o|M3 o|M4

r r
A g g

r r
= - +

+
         (2) 

where gm|M3 is the transconductance of M3, gm|M4 is the 
transconductance of M4, ro|M3 is the small-signal output 
resistance of M3 and ro|M4 is the small-signal output 
resistance of M4. Equation (2) essentially indicates that the 
low-frequency small-signal gain of this input-matching 
stage can be increased with greater values for M3 and M4 
transconductances and small-signal output resistances. 
This gain equation, however, only applies to low 
frequencies. As frequency increases, the effects of 
parasitic capacitances of the MOS transistors are becoming 
more prominent and thus may significantly affect the gain. 
Also from Fig. 3, the low-frequency small-signal input 
resistance of the input-matching stage rin|IM can be derived 
as: 

( )
in|IM

mb|M1 m|M1 v|IM
o|M1 o|M2

1

1 1
1

r
g g A

r r

=
+ + + -

   (3) 

where ro|M1 and ro|M2 are the small-signal output resistances 
of M1 and M2, respectively, gm|M1 is the transconductance 
of M1, gmb|M1 is the body transconductance of M1, and Av|IM 
is the low-frequency small-signal gain of the input-
matching stage. ro|M1 and ro|M2 can be approximated to be 
very large since M1 and M2 are biased in the saturation 
region. Hence, (3) can be simplified and approximated to: 

( )IM|v1M|mM1|mb
IM|in 1

1
Agg

r
−+

=                 (4) 

This simplified expression shows that the low-
frequency small-signal input resistance is determined by 
the low-frequency small-signal gain of the input-matching 
stage and also by the transconductance and body 
transconductance of the driving transistor of the source-
follower shunt feedback network, which is M1. The noise 
factor of the input-matching stage FIM can be derived as 
[12]:  𝐹୑ = 1 ൅ ൫γ౉య௚ౣ|౉యାγ౉ర௚ౣ|౉ర൯ோ౥౫౪|౅౉మ஺౬|౅౉మ ோೄ  

൅ ൫γ౉భ௚ౣ|౉భାγ౉మ௚ౣ|౉మ൯ோ౥౫౪|౅౉మோೄ            (5) 

where γM1, γM2, γM3, and γM4 are the thermal noise 
coefficients for M1, M2, M3 and M4, respectively, gm|M1, 
gm|M2, gm|M3 and gm|M4 are the transconductances of M1, M2, 
M3 and M4, respectively, Rs is the source resistance, Rin|IM 
is the input resistance of the input-matching stage, Rout|IM 
is the output resistance of the input-matching stage and 
Av|IM is the low-frequency small-signal gain of the input-
matching stage. Since Av|IM is part of the denominator in 
the second term of this expression, it implies that 
increasing the gain of the input-matching stage may 
improve its overall noise figure. 

C. Inter-Stage Buffer 
The inter-stage buffer separates the input-matching 

stage from the gain-varying stage of the LNA. This 
separation is important to maintain a more or less 
consistent gain at the output of the input-matching stage 
regardless of any change that occurs in the gain-varying 
stage. With consistent gain, the input impedance generated 
by the input-matching stage will remain almost the same 
and unaffected. Thus, the input return loss will also be 
more or less unchanged. Maintaining a consistent gain at 
the output of the input-matching stage is a problem if the 
output of this stage is connected directly to the gain-
varying stage. This is because the gain-varying stage will 
be subjected to changes in gate potential and drain-source 
current of its driving transistors. These changes, in turn, 
will subsequently affect the physical properties of the 
driving transistors, in particular, the gate-source and gate-
drain capacitances. With changes in these capacitances, the 
higher frequency gain at the output of the input-matching 
stage will also change and this will significantly disrupt the 
consistency of input impedance (at the MedRadio band) 
generated by the input-matching stage. This whole thing 
can be prevented by having an inter-stage buffer that 
isolates the input-matching stage from the gain-varying 
stage. This inter-stage buffer employs a source-follower 
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structure. With this source-follower structure, the 
amplified signal that goes through the buffer from the 
input-matching stage is preserved as much as possible as 
if the signal at the buffer’s output comes directly from the 
input-matching stage. This buffered signal is then 
channeled into the gain-varying stage for further 
amplification according to the desired LNA gain. Fig. 4 
illustrates the schematic circuit diagram for this inter-stage 
buffer that is essentially made up of a source-follower 
structure. 

The source-follower structure in Fig. 4 comprises 
NMOS transistors M5 and M6. M5 functions as the driving 
transistor whilst M6 acts as the current source at the source 
of M5. Resistor R4 prevents input AC signals from being 
grounded. The gate of M5 receives amplified AC signals 
from the input-matching stage and the buffered signals are 
passed on to the gain-varying stage via the source terminal 
of M5. Fig. 5 illustrates the corresponding small-signal 
equivalent circuit for this inter-stage buffer with R4 
omitted [18]. From here, the low-frequency small-signal 
gain of the inter-stage buffer can be approximated as: 

m|M5

v|ISB
m|M5 mb|M5

g
A

g g
=

+
                      (6) 

 
Fig. 4. Schematic circuit diagram of the inter-stage buffer. 

where gm|M5 is the transconductance of M5 and gmb|M5 is the 
body transconductance of M5. Just like the gain equation 
for a typical source-follower, Eq. (6) shows that the gain 
of the inter-stage buffer approaches unity as gm|M5 becomes 
larger. 

The noise factor of the inter-stage buffer FISB can be 
derived and simplified as [12]: 

 
Fig. 5. Small-signal equivalent circuit for the inter-stage buffer. 𝐹ୗ୆ = 1 ൅ ൫γ౉ఱ௚ౣ|౉ఱାγ౉ల௚ౣ|౉ల൯ோ౥౫౪|౅౏ామ஺౬|౅౏ామ ோ౥౫౪|౅౏ా             (7) 

where γM5 and γM6 are the thermal noise coefficients for M5 
and M6, respectively, gm|M5 and gm|M6 are 
transconductances of M5 and M6, respectively, Rout|IM is the 
output resistance of the input-matching stage, Rout|ISB is the 
output resistance of the inter-stage buffer and Av|ISB is the 
low-frequency small-signal gain of the inter-stage buffer. 
This expression indicates that the overall noise figure will 

become higher if the inter-stage buffer gain becomes much 
less than unity. It therefore emphasizes the need to have a 
sufficiently high value of gm|M5 to obtain a gain that is very 
close to unity as given by Eq. (6).  

D. Gain-Varying Stage  
The function of the gain-varying stage is to enhance the 

initial gain provided by the input-matching stage to a 
greater gain value determined by the biasing of the NMOS 
and PMOS transistors of this stage. The amount of gain 
needed by the LNA very much depends on the strength of 
the input signal level to the LNA. If the input signal level 
is considerably high, the gain of the MedRadio LNA can 
be relaxed, hence lower DC power consumption with 
lower gain is acceptable. On the other hand, if the input 
signal is very weak, the gain needs to be further enhanced 
to amplify the weak input signal adequately. The DC 
power consumption must therefore be increased.  

Fig. 6 depicts the schematic circuit diagram of the gain-
varying stage. This gain-varying stage is made up of 
NMOS transistor M8 and PMOS transistor M7 as driver 
transistors in a complementary common-source current-
reuse amplifier topology similar to that in the input-
matching stage. The gate-biasing voltages Vb7 and Vb8 are 
to be adjusted to vary the gain of the LNA. This voltage 
adjustment can be done externally through a 
microcontroller. The resulting DC current IS4 flows from 
supply voltage VS4 through the source-drain channel of M7 
and the drain-source channel of M8. As the input AC signal 
from the inter-stage buffer goes into the gates of M7 and 
M8, this signal is amplified, and the output signal appears 
in between the drains of both transistors. Just like M3 and 
M4 in the input-matching stage, the bulk is tied to the 
source for both M7 and M8 to eliminate body effects. 
Capacitors C6 and C7 are needed to block DC currents from 
going into the AC signal transmission paths. Resistors R5 
and R6 meanwhile, prevent the input signal from being 
grounded. The corresponding small-signal equivalent 
circuit of the gain-varying stage is illustrated in Fig. 7 [18]. 
This small-signal equivalent circuit has been simplified by 
omitting capacitors C6 and C7, and resistors R5 and R6. 

 
Fig. 6. Schematic circuit diagram of the gain-varying stage. 

 
Fig. 7. Simplified small-signal equivalent circuit of the gain-varying 

stage. 
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From Fig. 7, the low-frequency small-signal gain of the 
gain-varying stage can be derived and simplified as: 

( ) o|M7 o|M8

v|GV m|M7 m|M8
o|M7 o|M8

r r
A g g

r r
= - +

+
          (8) 

where gm|M7 is the transconductance of M7, gm|M8 is the 
transconductance of M8, ro|M7 is the small-signal output 
resistance of M7 and ro|M8 is the small-signal output 
resistance of M8. Similar to (2) for the input-matching 
stage, (8) for the gain-varying stage also indicates that the 
low-frequency small-signal gain will become higher with 
greater values for the transconductances and the small-
signal output resistances of both M7 and M8. As frequency 
increases, the parasitic capacitances of the MOS transistors 
are starting to exert more prominent effects and thus may 
degrade the gain in the MedRadio frequency band. The 
noise factor of the gain-varying stage FGV can be derived 
as [12]: 𝐹ୋ୚ = 1 ൅ ൫γ౉ళ௚ౣ|౉ళାγ౉ఴ௚ౣ|౉ఴ൯ோ౥౫౪|ృ౒మ஺౬|ృ౒మ ோ౥౫౪|ృ౒            (9) 

where γM7 and γM8 are the thermal noise coefficients for M7 
and M8, respectively, gm|M7 and gm|M8 are 
transconductances of M7 and M8, respectively, Rout|ISB is 
the output resistance of the inter-stage buffer, Rout|GV is the 
output resistance of the gain-varying stage and Av|GV is the 
low-frequency small-signal gain of the gain-varying stage. 
Similar to (5) for the input-matching stage, (9) for the gain-
varying stage also implies that increasing the gain of the 
gain-varying stage may improve its overall noise figure. 

E. Full Circuit 
The full circuit of this variable-gain LNA is obtained by 

cascading all three components of it; the input-matching 
stage, the inter-stage buffer, and the gain-varying stage. 
The full schematic circuit of this variable-gain MedRadio 
LNA is depicted in Fig. 8. Based on the gain equations for 
the input-matching stage, the inter-stage buffer, and the 
gain-varying stage mentioned previously, the gain of the 
variable-gain MedRadio LNA can be expressed as [12]: 

v|VGLNA v|IM v|ISB v|GV
A A A A=                 (10) 

By using Friis Formula, the simplified noise factor of the 
variable-gain MedRadio LNA can be deduced as [12]: 

ISB GV
VGLNA IM

v|IM v|IM v|ISB

1 1F F
F F

A A A

- -
= + +         (11) 

 
Fig. 8. Full schematic circuit of variable-gain MedRadio LNA. 

TABLE I: TRANSISTOR GATE DIMENSIONS  
Transistor Gate length (µm) Total gate width (µm) 

M1 0.18 29.67 
M2 0.18 6.01 
M3 0.18 136.5 
M4 0.18 139.6 
M5 0.18 33.76 
M6 0.18 60.64 
M7 0.18 207.84 
M8 0.18 109.48 

Table I summarizes the chosen gate dimensions for all 
the transistors in Fig. 8. The chosen values for all 
capacitors and resistors are 10 pF and 500 kΩ, respectively. 
For the capacitors, the selected value of 10 pF is deemed 
acceptable to sufficiently allow MedRadio signals to travel 
all the way through the transmission path yet at the same 
time not acquire too much space to cause the physical size 
of the LNA to be too bulky. The same goes for the resistors 
where the resistance value is maximized to 500 kΩ to 
prevent AC signals in the transmission path from being 
grounded but at the same time not causing the resistors to 
be too large in physical size. 

Table II lists the operating voltage levels for all the 
voltage points in Fig. 8. Vb7 and Vb8 are variable voltage 
points that determine the overall gain and total DC power 
consumption of this LNA. Hence, these two voltage points 
are the “knobs” for gain adjustments. Through DC 
simulations, the values of Vb7 and Vb8 that may give out 
overall LNA gain ranging from approximately 10 dB to 30 
dB have been identified. The approximate values of 
current and DC power consumption for all stages of the 
LNA are tabulated in Table III. 

TABLE II: OPERATING VOLTAGE LEVELS FOR ALL VOLTAGE POINTS 
Voltage point Voltage (V) 

VS1 0.6 
VS2 0.6 
VS3 0.6 
VS4 1.8 
Vb1 0.85 
Vb2 0.6 
Vb3 0 
Vb4 0.5 
Vb5 0.9 
Vb6 0.5 

Vb7 
1.25 − 1.31 (for Vb8 = 0.5 V) 

1.30 − 1.39 (for Vb8 = 0.45 V) 
1.38 − 1.45 (for Vb8 = 0.4 V) 

Vb8 0.4, 0.45, 0.5 

TABLE III: CURRENTS AND DC POWER CONSUMPTIONS FOR ALL 
STAGES  

Stage Current (mA) DC power 
consumption (mW) 

Source-follower of input-
matching stage ~ 0.07 ~ 0.042 

Complementary common-source 
current-reuse amplifier of input-
matching stage 

~ 0.5 ~ 0.3 

Inter-stage buffer ~ 0.2 ~ 0.12 
Gain-varying stage ~ 0.02 to ~ 0.5 ~0.035 to~0.9 

F. Layout Design 0.18 µm 
In this work, Silterra’s CMOS technology is employed. 

The physical layout for this variable-gain LNA is 
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illustrated in Fig. 9. The total die area (adie) occupied by 
this LNA is approximately 0.08 mm2.  

 
Fig. 9. IC layout of variable-gain MedRadio LNA in this work. 

IV. POST-LAYOUT SIMULATION RESULTS AND 
DISCUSSIONS 

A. General Performance 
Using the values in Table II, post-layout simulations 

with a source-follower output buffer were performed for 
gain (Av), input return loss (RLin), noise figure (NF), input-
referred 1 dB compression point (IP1dB) and input third-
order intercept point (IIP3) at MedRadio frequencies. The 
plots for all these parameters and also for total DC power 

consumption (PDC) against Vb7 are illustrated in Fig. 10 
(a)–Fig. 10 (f). Table IV summarizes the simulated 
performance at the maximum and minimum gain values. 

Fig. 10 (a) and Table IV show a wide variation in the 
gain of the LNA from a maximum of 29.1 dB at 1.34 mW 
DC power consumption to a minimum of 11.2 dB at 0.49 
mW DC power consumption. This clearly shows a trade-
off between gain and DC power consumption, where more 
DC power must be dissipated when a higher gain is 
required. In this case, more than 1 mW of DC power is 
needed to increase the gain to nearly 30 dB. Conversely, 
only less than 0.5 mW of DC power needs to be consumed 
when the gain can be relaxed to as low as 11 dB. The 
difference in gain between high and low DC power 
consumption is due to the difference in current in the 
complementary common-source current-reuse structure of 
the gain-varying stage, which is caused by varying biasing 
voltages Vb7 and Vb8. As the current is varied at the gain-
varying stage, the total transconductance of the stage also 
changes accordingly. Hence, this change in total 
transconductance results in the variation of the gain as 
indicated by (8). 

 
       (a)                                                                                                 (b) 

 
            (c)                                                                                        (d) 

 
(e)                                                                           (f) 

Fig. 10. Plot of (a) gain versus Vb7 from post-layout simulations of the variable-gain MedRadio LNA in this work; (b) noise figure versus Vb7 from post-
layout simulations of the variable-gain MedRadio LNA in this work; (c) input return loss versus Vb7 from post-layout simulations of the variable-gain 
MedRadio LNA in this work; (d) input third-order intercept point versus Vb7 from post-layout simulations of the variable-gain MedRadio LNA in this 
work; (e) input-referred 1-dB compression point versus Vb7 from post-layout simulations of the variable-gain MedRadio LNA in this work; (f) total 
power consumption versus Vb7 from post-layout simulations of the variable-gain MedRadio LNA in this work. 
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TABLE IV: POST-LAYOUT SIMULATION RESULTS AT MAXIMUM AND 
MINIMUM GAIN VALUES  

Parameter Maximum gain Minimum gain 
Operating frequency (MHz) 401 - 406 401 - 406 

Av (dB) 29.1 11.2 
RLin (dB) 12.6 12.9 
NF (dB) 6.1 7.5 

IP1dB (dBm) −28.3 −16.9 
IIP3 (dBm) −18.8 −7.5 

Total DC power consumption (mW) 1.34 0.49 

 
Such wide variation of the gain is not exhibited by the 

noise figure however, where the noise figure only differs 
by just 1.4 dB from 6.1 dB at maximum gain to 7.5 dB at 
minimum gain as shown in Fig. 10 (b) and Table IV. Hence, 
increasing the DC power consumption from 0.49 mW (at 
minimum gain) to 1.34 mW (at maximum gain) only 
improves the noise figure by less than 2 dB. This small 
variation of noise figure can be explained by the fact that 
gain is varied in the gain-varying stage which is the third 
stage of the LNA. Eq. (11) indicates that the noise 
contribution from the gain-varying stage is not as 
significant as those from the two earlier stages, namely the 
input-matching stage and the inter-stage buffer. Hence, 
changes in the noise of the gain-varying stage may not 
greatly affect the total noise figure of the LNA. 

From Fig. 10 (c) and Table IV, the variation in input 
return loss from maximum gain to minimum gain is also 
shown to be very small at only 0.3 dB. This is desirable 
since the gain of the LNA can be adjusted and varied 
without having to worry about the input impedance match. 
This very little variation of input return loss can be 
attributed to the presence of the inter-stage buffer between 
the input-matching stage and the gain-varying stage. The 
inter-stage buffer shields the input-matching stage from 
being affected by any current variation in the gain-varying 
stage. This shielding results in a consistent gain at the 
output of the input-matching stage regardless of any 
change that occurs in the gain-varying stage due to changes 
made to Vb7 and Vb8. With consistent gain, the input 
impedance generated by the input-matching stage will 
remain almost the same and unaffected, thus, resulting in 
a very stable input return loss. 

In Fig. 10 (d) and Fig. 10 (e), the variations in IIP3 and 
IP1dB look to be almost identical since these two 
parameters are closely related as implied by (1). The 
variations of these parameters are shown to be almost in 
opposite correlation with the variation in gain depicted in 
Fig. 10 (a). This is consistent with the general fact that the 
linearity of an amplifier improves as the gain decreases, 
and vice versa. However, the variations in both IIP3 and 
IP1dB shown in Fig. 10 (d)–(e) are just around 11 dB 
between the maximum gain of 29.1 dB at 1.34 mW DC 
power consumption, and the minimum gain of 11.2 dB at 
0.49 mW DC power consumption. Since MedRadio 
signals are typically very low and weak RF signals, with 
an estimated maximum received power of just around −30 
dBm at the receiver input, the linearity performance of this 
proposed LNA should not be much of a concern as long as 
it does not start to saturate below −30 dBm of input power 
level. 

Fig. 10 (f) illustrates how the total power consumption 
of the LNA varies with biasing voltage Vb7 using 3 

different values of biasing voltage Vb8. It shows that the 
total power consumption of the LNA can be varied from 
as low as 0.49 mW (with Vb7 of 1.45 V and Vb8 of 0.40 V) 
to as high as 1.34 mW (with Vb7 of 1.25 V and Vb8 of 0.50 
V). This range of power consumption results in a wide 
variation in the gain of the LNA from a minimum of 11.2 
dB at 0.49 mW power consumption to a maximum of 29.1 
dB at 1.34 mW power consumption as shown earlier by 
Fig. 10 (a). The difference in power consumption between 
maximum and minimum LNA gain is brought about by the 
difference in current in the complementary common-
source current-reuse structure of the gain-varying stage, 
which is caused by varying biasing voltages Vb7 and Vb8. 

B. Comparison with Previous Works 
To the best of the authors’ knowledge, there has been no 

published work on stand-alone MedRadio LNA since [13] 
in 2020. Hence, MedRadio band performance comparisons 
are made with some of the most recent works on wideband 
LNA that are suitable for MedRadio applications. These 
are presented in Table V. The Figure of Merit (FOM) in 
Table V is defined as: FOM = ୅ೡ×ୖ୐౟౤௉ీ ిమ ×୒୊×௔ౚ౟౛మ                        (12) 

where Av, RLin and NF are in magnitudes, PDC is in W, and 
adie is in m2. 

Table V directly shows the main advantage of the 
proposed variable-gain LNA in this work as compared to 
other recent LNAs in the table, which is its ability to vary 
its gain from 29.1 dB at 1.34 mW power consumption to 
11.2 dB at 0.49 mW power consumption. This may enable 
the proposed LNA to perform with better efficiency in 
terms of power and performance. That is, when the input 
signal level is sufficiently very high, the DC power 
consumption of the LNA can be reduced for power saving 
by lowering the gain. Conversely, if the input signal level 
is extremely low, the LNA can be operated at a much 
higher gain albeit with greater DC power consumption.  

The high maximum gain of 29.1 dB for the proposed 
LNA is due to the sum of gains from the input-matching 
stage and the gain-varying stage. With both stages 
employing the complementary common-source current-
reuse amplifier structure, and the presence of an inter-stage 
buffer to assist this gain summation, a very high maximum 
overall gain of the proposed LNA can be expected. For 
previous works in Table V, these are also multi-stage 
LNAs utilizing combinations of common-source and 
common-gate circuits with or without current-reuse. 
However, the absence of a buffer between the 
amplification stages in these previous works significantly 
affects the output impedance of the preceding 
amplification stage hence reducing its gain at higher 
frequencies. 

For this proposed LNA, the noise figure ranges from 6.1 
dB to 7.5 dB across the gain range, and this is relatively 
high compared to the noise figures from other recent works 
in Table V. This can be explained by the fact that the 
proposed variable-gain LNA in this work consists of three 
distinct stages that provide their noise contributions to the 
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total noise figure of the LNA. In other recent LNAs in 
Table V, some noise figure improvement measures such as 
noise-cancelling circuit techniques are employed. These 
techniques, however, consume a significant amount of 

additional DC power. Hence, this helps to explain the 
relatively high LNA DC power consumption in these 
previous works. 

TABLE V: MEDRADIO BAND PERFORMANCE COMPARISON WITH SOME RECENT WORKS ON WIDEBAND LNA  

Para-meter 
This work* 

[19] [20] [21] [22] [23] [24] Max. gain Min. gain 
CMOS tech. (µm) 0.18 0.18 0.09 0.13 0.18 0.028 0.028 0.065 

PDC (mW) 1.34 0.49 1.2 3.24 3 4.1 4.5 6.6 
Av (dB) 29.1 11.2 21 14 19 18.5 15.2 17.5 

RLin (dB) 12.6 12.9 20 12 15 16.2 16 18 
NF (dB) 6.1 7.5 3.5 4 3.8 2.9 2.8 2.1 

IP1dB (dBm) −28.3 −16.9 −20 N/A −15.5 N/A N/A N/A 
IIP3 (dBm) −18.8 −7.5 −7.1 2 −8 2 -4.6 8 
adie (mm2) 0.08 0.08 0.075 0.1 0.18 0.022 0.03 0.062 

FOM 2.60 ×1021 1.86 ×1021 6.19 ×1021 7.72 ×1019 7.16 ×1019 3.42 ×1021 1.05 ×1021 2.19 ×1020 
* All post-layout simulation data 

 
The input return loss of the proposed LNA is more than 

2 dB above the usual return loss requirement of 10 dB for 
most RF systems. However, this is considerably low 
compared to those of previous works in Table V except 
[20]. This is due to the use of source-follower shunt 
feedback network for input-matching purposes in the 
proposed LNA. With the source-follower shunt feedback 
network, the low-frequency approximation for the small-
signal input resistance of the input-matching stage is given 
by (4). However, at MedRadio frequencies, the effects of 
parasitic capacitances of the MOS transistors are getting 
more prominent. This causes the small-signal input 
resistance expression in (4) to be less accurate at 
MedRadio frequencies, hence affecting the input return 
loss obtained through simulation. In all the previous works 
in Table V, a common-gate wideband input-matching 
technique is employed. This technique is much more 
effective for wideband input-matching but at the expense 
of considerably high DC power consumption. 

For this proposed LNA, the linearity parameters IIP3 
and IP1dB at maximum gain are relatively low compared to 
the IIP3 and IP1dB values for other recent works in Table V. 
This is consistent with the high maximum gain of the 
proposed LNA compared to those of previous works in 
Table V, and the fact that linearity degrades as gain 
becomes higher. In addition, some of the previous works 
in Table V also employ distortion-cancelling techniques 
that may further help to improve the LNA’s linearity. 
However, this linearity improvement technique also 
consumes additional DC power that may contribute to 
higher overall DC power consumption. As stated 
previously, the linearity performance of this proposed 
MedRadio LNA should not be much of a concern due to 
the very low and weak power levels of MedRadio signals. 

Although the proposed LNA consists of three distinct 
stages, the total die area is just 0.08 mm2, which is 
relatively very small for a MedRadio LNA utilizing 0.18 
µm CMOS technology. This very small total die area is 
mostly due to the inductorless design topology utilized in 
this work. Some of the previous works in Table V, such as 
[19, 22–24] are employing CMOS technologies that are 
finer than 0.1 µm. With these very fine CMOS 

technologies, these LNAs can acquire much smaller die 
sizes compared to those of the proposed LNA. 

For overall performance, the FOMs for both the 
maximum and minimum gain values of the proposed LNA 
are higher than that of [20, 21, 23] and [24] as given in 
Table V. The considerably good FOMs for both the 
maximum and minimum gain values are mostly due to the 
low DC power consumption of the proposed LNA. 

C. Temperature Variation 
For both the maximum and minimum gain values, post-

layout simulations were also performed at lower and upper 
ends of room temperature range. This is to study the effect 
of temperature variation on the performance of the 
proposed MedRadio LNA in this work. The temperature 
variation studied is only around the room temperature 
range and does not include extreme temperatures such as 
less than 0 °C or greater than 50 °C. This is based on the 
assumption that medical treatments utilizing the proposed 
LNA (as a component of a MedRadio biomedical device) 
are only carried out on patients at room temperature. In this 
work, the lower and upper ends of room temperature range 
are defined at 20 °C and 30 °C, respectively. The 
performances of the LNA at the maximum and minimum 
gain values were chosen for this study since these two 
conditions consume the most and the least DC power. The 
simulation results are summarized in Table VI. 

TABLE VI: POST-LAYOUT SIMULATION RESULTS AT LOWER (20 °C) 
AND UPPER (30 °C) ENDS OF ROOM TEMPERATURE RANGE FOR 

MAXIMUM AND MINIMUM GAIN VALUES 

Parameter 
Maximum gain Minimum gain 

20 °C Nom. 30 °C 20 °C Nom. 30 °C PDC (mW) 1.22 1.34 1.39 0.45 0.49 0.51 Av (dB) 28.9 29.1 29.4 10.3 11.2 11.6 
RLin (dB) 11.0 12.6 13.4 11.2 12.9 13.7 
NF (dB) 6.1 6.1 6.1 7.6 7.5 7.4 

IP1dB (dBm) −28.9 −28.3 −28 −17.8 −16.9 −16.6 
IIP3 (dBm) −19.4 −18.8 −18.5 −8.4 −7.5 −7.2 

Nominal (nom.) temperature used in this work is 27 °C. 
 

In Table VI, across the room temperature range from 
20 °C to 30 °C, the total DC power consumption slightly 
increases for both maximum and minimum gain values. 
This is due to the increase in total current as the 
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temperature is raised. The increase in total DC power 
consumption for maximum gain is greater than that for 
minimum gain since there is a much larger current in the 
gain-varying stage of the LNA at maximum gain. As the 
temperature is raised from 20°C to 30°C, the gain also 
increases slightly due to the increase in current. This 
increase in gain however, does not exceed 2 dB for both 
maximum and minimum gain values. Other parameters 
such as input return loss, IP1dB and IIP3 also exhibit some 
changes albeit very slightly. Overall, all test parameters of 
this proposed LNA are not significantly affected by 
variation across the room temperature range. 

D. Monte Carlo Analysis 
Post-layout Monte Carlo simulations were performed to 

understand the effect of IC process variations and 
mismatches on large-sample performance of the proposed 
LNA, and to show how the variable-gain LNA in this work 
can be used to mitigate the effect. Fig. 11 presents the gain 
histogram plot from post-layout Monte Carlo simulation of 
the proposed variable-gain MedRadio LNA with Vb8=0.45 
V and Vb7=1.35 V. The number of iterations is 1000. In Fig. 
11, the yield for gain of greater than 23 dB is 60.0%. This 
yield percentage can actually be improved by slightly 
reducing Vb7.  

 
Fig. 11. Histogram plot of gain distribution with Vb8 = 0.45 V and Vb7 = 
1.35 V from post-layout Monte Carlo simulation of the variable-gain 
MedRadio LNA in this work. 

 
Fig. 12. Histogram plot of gain distribution with Vb8 = 0.45 V and Vb7 = 
1.33 V from post-layout Monte Carlo simulation of the variable-gain 
MedRadio LNA in this work. 

The histogram plot for gain when Vb7 is reduced to 1.33 
V is shown in Fig. 12. In Fig. 12, the yield for gain of 
greater than 23 dB is shown to have improved to 81.6 %. 
This small reduction of Vb7 to increase the gain (thus 
improving the yield) is consistent with the gain versus Vb7 
plot in Fig. 10 (a). However, this increases the total DC 

power consumption of the proposed LNA as the current in 
the gain-varying stage is increased. 

V. CONCLUSIONS 

A variable-gain 0.18 µm CMOS LNA for MedRadio 
applications has been designed and verified through 
simulations in Cadence IC5 with Silterra’s C18G CMOS 
technology Process Design Kit. This LNA is capable of 
varying its gain from just above 10 dB to nearly 30 dB. 
With this capability, the LNA may perform with better 
power-performance efficiency. This proposed variable-
gain LNA consists of an input-matching stage, an inter-
stage buffer and a gain-varying stage. The main function 
of the input-matching stage is to provide impedance match 
for optimum input signal power transfer. It also provides 
an initial gain that will contribute to the overall LNA gain. 
The inter-stage buffer isolates the input-matching stage 
from the gain-varying stage. The function of the gain-
varying stage is to enhance the initial gain provided by the 
input-matching stage to the overall gain value which is 
determined by the variable biasing of the driving 
transistors of the gain-varying stage.  

On simulations, this proposed variable-gain LNA 
exhibits a wide-ranging gain from a maximum of 29.1 dB 
at 1.34 mW DC power consumption to a minimum of 11.2 
dB at 0.49 mW DC power consumption. The advantage of 
this proposed variable-gain MedRadio LNA in comparison 
to other previous works on MedRadio LNA is its ability to 
vary its gain. This allows the LNA to perform with better 
power-performance efficiency, where the gain can be 
reduced for power saving if the input signal level is 
sufficiently very high, and the gain can be raised if the 
input signal level is extremely low. This ability may also 
help to counteract and mitigate the effect of process 
variations and mismatches in the LNA integrated circuit 
for yield improvement. The total die area occupied by the 
LNA in this work is just 0.08 mm2 which is relatively very 
small for a MedRadio LNA utilizing 0.18 µm CMOS 
technology. 
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