
A
s wireless communi-
cations continuously 
push toward higher 
f requencies ,  band-

width for radio waves that support high 
data rates has become available at milli-
meter-wave frequencies (above 30 GHz). 
Components are needed in support of 
communications systems at those fre-
quencies, with one key component being 
the low-noise amplifier (LNA). 

Among other functions, LNAs are 
vital for achieving high sensitivity and 
extended radio range in millimeter-
wave receivers. With an eye to extend-
ing communications to frequencies at 
60 to 80 GHz, an LNA based on gra-
phene field-effect-transistor (GFET) 
active devices was designed and con-
structed for E-band radios. But, rather 
than use a traditional cascaded circuit 
stage, the amplifier employs current-
reuse techniques, with a stagger tun-
ing approach used to achieve wideband 
gain. Essentially, the LNA’s first stage 
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reduces power dissipation through cur-
rent reuse, while the second stage pro-
vides high gain via precision tuning for 
excellent output impedance matching. 

In terms of active devices, FETs have 
seen wide use in high-frequency appli-
cations thanks to their quick responses 
to variations in gate voltage.1 This can 
be achieved by using a small gate length 
and high mobility of charge carriers.2 

However, due to short-channel effects, 
FETs can suffer from drain-current 
saturation and drain-induced barrier 
lowering, as well as threshold-voltage 
rolloff issues.3,4 The impact of these 
effects on amplifier performance can be 
minimized by using an FET with a very 
small gate-controlled area.5 

A MOVE TO GRAPHENE

Numerous semiconductor materials 
other than silicon have been utilized to 
implement millimeter-wave LNAs with 
high performance levels. These materi-
als include graphene and compounds 
formed of Group III-V elements on the 
chemical periodic table of elements. 
Since graphene substrate material is 
composed of only a one-atom-thick, 
single layer of carbon atoms, it signifi-
cantly reduces the channel area con-
trolled by the transistor gate. 

High-electron-mobility-transis-
tor (HEMT) active devices based on 
Group III-V semiconductor materi-
als have a channel thickness of 10 to 
13 nm, which is greater than that of 
graphene-based FETs. Some silicon-

on-insulator (SOI) FETs reported in 
the technical literature feature channel 
thickness of 2 nm, but they suffer low 
carrier mobility because of poor inter-
faces.6 These FETs are also character-
ized by variations in channel thickness, 
which result in fluctuations in device 
threshold voltage. This same problem 
occurs in HEMTs based on Group III-
V materials if the channel thickness is 
reduced to 2 nm.7 

To address these issues, research is 
being carried out on GFET-based 
devices for high-speed, high-frequency  
RF/microwave applications.  Such 
research includes the design and devel-
opment of a GFET-based LNA for milli-
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2. Shown is an equivalent-circuit small-signal model of the LNA (without the buffer).

3. A stagger tuning tech-

nique helps to achieve 

the impedance matching 

needed for high wideband 

gain at millimeter-wave 

frequencies. 
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1. This schematic diagram 

illustrates the three main 

sections of the millimeter-

wave circuit.
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Wideband-Gain LNA

meter-wave applications. In this LNA, a current-reuse stage is 
used for low power dissipation and to achieve high gain over 
a wide frequency range. It also includes a highpass inductive-
capacitive (LC) filter to attain good input impedance match-
ing. To improve noise performance, the amplifier incorporates 
an output buffer comprised of a source follower structure  
with no feedback.

MILLIMETER-WAVE LNA SETUP

Figure 1 shows a schematic diagram of the millimeter-wave 
low-noise amplifier. In the first stage, transistors M1 and M2 
are mounted in a common-source configuration. An equal 
amount of bias current is shared between the two transis-
tors to realize higher gain than an LNA in a conventional 
cascaded configuration. The source follower 
placed in the output stage acts as a buffer to 
achieve extended bandwidth by using the series 
LC resonance with the gate capacitance of  
transistor M3, Cgs3. 

The design of the millimeter-wave LNA can 
be detailed according to its three main sections: 
the input matching circuit, the main amplifier 
circuit, and the output buffer circuit. 

While the LNA’s first stage is implemented 
with the function of reducing overall amplifier 
power consumption, the second stage’s design 
aims for good output impedance matching 
and achieving optimum amplifier gain across 
the frequency range of interest. The source 
of transistor M1 is connected via an induc-
tor to stabilize the bias current. Coupling this 
source-degenerated inductor with the integral 
highpass filter (HPF) of the LNA produces 
input matching. 

Since added resistance at this stage would 
increase noise figure for the overall circuit, 
the input impedance-matching network does 
not contain any resistors. As such, the source-
degenerated inductor, L2, is used for input 

impedance-matching purposes. Using a 
T-equivalent model and the parasitic capaci-
tance of the transistor eliminates the imagi-
nary part for the impedance. Furthermore, 
the real part of the impedance is responsible 
for the 50-Ω impedance matching. 

Figure 2  presents a simplified, low- 
frequency, small-signal, equivalent-circuit 
model of the impedance-matching network. 
The small-signal equivalent input imped-
ance from transistor M1 to transistor M2 
is calculated by calculating the following 
relationship for that impedance, which is 

designated as ZM12: 

ZM12 = (ro1||1/sCds1) + [(1/sCgs2 + 1/sC2)||sL3]    (1)

where the gate-to-source capacitance of transistor M2 is 
denoted by Cgs2. Inductor L3 and capacitor C2 are used for 
interstage impedance matching. Moreover, the output chan-
nel resistance of transistor M1 is ro1 and Cds1 is the capaci-
tance between the source and drain of transistor M1. Accord-
ing to the resistance reflection rule, the input impedance 
Zinput can be written as: 

Zinput = 1/sC1 + (sL1||(1/sCgs1 + [sL2||ZM12/(1 + gM1ro1)])   (2)
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5. The LNA maintains 

noise figure of less 

than 0.6 dB across its 

operating bandwidth.

6. The LNA’s K and 

B1 factors indicate 

excellent stability  

for the millimeter-

wave circuit. 

Frequency (GHz)

0 10 20 30 40 50 60 70 80 90 100

S-
pa

ra
m

et
er

s 
(d

B)

S11
S12
S21
S22

50

25

0

–25

–50

4. The LNA’s mea-

sured S-parameters 

are: S11 < −9 dB; S21 

(peak) = 25 dB; S12 

< −35 dB; and S22  

< −10 dB.
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Wideband-Gain LNA

where L2 is the source degeneration inductor of transistor 
M1 and gM1 is the transconductance of transistor M1. The 
T-matching network is at the input of transistor M1, consisting 
of capacitor C1 and inductor L1. Capacitors C1 and Cgs1 form 
the imaginary part of the input impedance-matching network.

For lower power consumption, the LNA design employs a 
current-reuse configuration. The LNA makes use of two-stage 
cascade architecture for high gain and wide bandwidth. The 

first and second stages are designed to resonate at the lower 
and higher frequency bands of interest, respectively (Fig. 3). 

Broadband operation is realized via a stagger tuning meth-
od, using the resonances of the two amplifier stages to achieve 
flat frequency response.8 The LNA’s first-stage lower resonant 
frequency, fLow, can be expressed as:

fLow = (1/2π)(1/L3C2)0.5    (3)

The higher resonant frequency for  
the LNA’s second stage can be derived 
from Eq. 4:

fHigh = (1/2π)(1/L4C4)0.5    (4)

In this LNA design, the fLow and fHigh 
frequencies were chosen as 60 and 80 
GHz, respectively. 

The transfer of signal energy from 
the amplifier’s input to output ports for 
high gain is accomplished with the out-
put buffer. This portion of the amplifier 
includes the output impedance-match-
ing circuitry. Transistor M4 serves as 
the source follower. The low-frequency 
equivalent output impedance can be 
approximated by using the relationship 
of Eq. 5:

Rout = (1/gM3)(||ro3||ro4)    (5)

In general, if an LNA’s Rollett’s stabil-
ity factor (or K factor) is greater than 
unity, the amplifier will be uncondi-
tionally stable over the full operating 
frequency range. Another parameter 
often used to evaluate the stability of an 

“
The GFET-based LNA  
shows significantly 

improved noise-figure 
performance compared 
to reported CMOS/HEMT 
technologies and may help 
boost the development of radio 
receivers operating in the 60- to 
80-GHz frequency range.”
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LNA is the B1 fac-
tor. If the B1 fac-
tor has a positive 
value, the LNA is 
said to be stable. 

PERFORMANCE 

RESULTS

The mil lime-
ter-wave LNA cir-
cuit implements a 
GFET with chan-
nel length of 100 
nm. The LNA’s 
power consump-
tion was 12 mW with a +3-V dc supply 
voltage. The amplifier provides peak 
gain, S21,  of 25 dB at 70 GHz. Across 
the full frequency range, peak gain 
measures 25 dB and average gain is 18 
dB (Fig. 4). 

In addition, noise figure is less than 
0.6 dB for the full operating frequency 
range of 60 to 80 GHz, which is a signif-
icant achievement at this E-band spec-
trum (Fig. 5). The amplifier achieves 
S11 of less than –9 dB, S22 of better than 
–10 dB, and S12 of better than –35 dB. 
Also, K and B1 factor test results reveal 
high stability (Fig. 6). The table offers 
a comparison of the millimeter-wave 
LNA’s performance parameters with a 
sampling of available state-of-the-art 
LNAs at these frequencies.

In short, this graphene-based LNA 
is a strong candidate for E-band wire-
less receivers and transceivers. The 
multistage design uses the same bias 
current for both common-gate and 
common-source stages, and features 
a cascode-based, current-reuse topol-
ogy for low power consumption. Use of 
LC HPF circuitry accomplishes input 
matching and applying a stagger tuning 
technique achieves wideband gain. The 
GFET-based LNA shows significantly 
improved noise-figure performance 
compared to reported CMOS/HEMT 
LNA technologies (see the table) and 
may help to boost the development of 
radio receivers operating in the 60- to 
80-GHz frequency range. 
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COMPARING MILLIMETER-WAVE LNAs

Research 
source Ref. 11 Ref. 10 Ref. 9 This 

work

Technology mHEMT pHEMT CMOS GFET

Frequency (GHz) 60 – 90 50 – 65 57.9 – 80.4 60 - 80

DC power (mW) 45 15.2 10 12

Noise figure (dB) 2.0 1.0 4.8 0.6

S11 (dB) ≤9 ≤7 ≤10 ≤9

S12 (dB) ≤30.2 ≤50 ≤40 ≤35

S21 (dB) 27 23.5 11.2 25

S22 (dB) ≤25 ≤10 ≤10 ≤10
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