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1 | INTRODUCTION

| Jong-Min Lee'
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Abstract

In this study, an E-band low-noise amplifier (LNA) monolithic microwave integrated
circuit (MMIC) has been designed using silicon-germanium 130-nm bipolar comple-
mentary metal-oxide-semiconductor technology to suppress unwanted signal gain
outside operating frequencies and improve the signal gain and noise figures at op-
erating frequencies. The proposed impedance-controllable filter has series (R,) and
parallel (R) resistors instead of a conventional inductor-capacitor (L-C) filter with-
out any resistor in an interstage matching circuit. Using the impedance-controllable
filter instead of the conventional L-C filter, the unwanted high signal gains of the
designed E-band LNA at frequencies of 54 GHz to 57 GHz are suppressed by 8 dB
to 12 dB from 24 dB to 26 dB to 12 dB to 18 dB. The small-signal gain S,; at the
operating frequencies of 70 GHz to 95 GHz are only decreased by 1.4 dB to 2.4 dB
from 21.6 dB to 25.4 dB to 19.2 dB to 24.0 dB. The fabricated E-band LNA MMIC
with the proposed filter has a measured S,, of 16 dB to 21 dB, input matching (S;) of
—14 dB to -5 dB, and output matching (S,,) of =19 dB to —4 dB at E-band operating
frequencies of 70 GHz to 95 GHz.
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as a low cost and small size for mass production and realize
high yield and reliability compared to hybrid integrated circuit

The licensed E-band frequency ranges of 71 GHz to 76 GHz,
81 GHz to 86 GHz, and 92 GHz to 95 GHz are of considerable
value in high-data-rate networks, point-to-point wireless local
area networks, remote sensing systems, imaging radar systems,
atmospheric monitoring systems, avionic radar applications,
and radio astronomy [1]. Millimeter-wave radar and wireless
local area network systems need to be small and involve inex-
pensive components. In particular, at high operating frequencies
such as E-band frequencies, monolithic microwave integrated
circuit (MMIC) technologies present notable advantages such

technologies [2]. Some of these applications, including large-
scale products and cost-effective components fabricated using
silicon-based technologies, are required. Some recent integrated
circuits for E-band frequencies have been based on comple-
mentary metal-oxide-semiconductor (CMOS) and silicon-ger-
manium (SiGe) bipolar CMOS (BiCMOS) technologies [1,2].
Among the components in these systems, a low-noise amplifier
(LNA) is a key component located at the front of a receiver
that improves the overall noise figures of these systems and in-
creases the initial signal power gain from the antenna. However,
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some LNAs in these systems exhibit problems regarding the
unwanted overly high signal gain at frequencies below operat-
ing frequencies. The performance of systems using LNAs that
have such an unwanted gain can be degraded by the intermodu-
lation distortion of the signals at operating frequencies and the
high signals below operating frequencies. To solve these LNA
problems, direct current (DC) biasing circuits in LNAs were de-
signed to suppress the unwanted signal gain at low frequencies
[3] and an inductor-capacitor (L-C) resonator was used to filter
unwanted system interference [4]. In this study, a SiGe 130-nm
BiCMOS E-band LNA MMIC was designed to suppress un-
wanted signal gain below operating frequencies and improve
the signal gain characteristics at operating frequencies using an
impedance-controllable filter in an interstage matching circuit.

2 | LNA DESIGN

2.1 | Device technology

The LNA was designed and fabricated using IHP’s SiGe 130-
nm BiCMOS technology (IHP SG13S). The high-speed SiGe
heterojunction bipolar transistor (HBT) for LNA design has
an emitter area of 4 X 120 nm X 480 nm, a current gain of
900 A/A, a cutoff frequency fr of 240 GHz, a maximum os-
cillation frequency f,,,, of 340 GHz, and a collector-emitter
breakdown voltage BV of 1.65 V.

2.2 | LNA design

A single-stage LNA with a common-emitter structure
was designed using the SiGe HBT with an emitter area of
4 x 120 nm X 480 nm, as shown in Figure 1. The simu-
lated bias conditions of the single-stage LNA were a col-
lector-emitter voltage Vg of 1.2 V, a base-emitter voltage
Vgg of 0.9 V, and a collector-emitter current /- of 3 mA.
For unconditionally stable operation, it was designed using
the resistor-capacitor (R-C) pair composed of R, and C; in

Q: SiGe HBT (4 X 120 nm X 480 nm) c
4

oxpd ]

FIGURE 1 Schematic of the designed single-stage LNA

parallel, as displayed in Figure 1, and using the microstrip
line Ls as an inductor between the HBT emitter and ground
[5-9]. Ls also modifies the series inductive feedback so it is
close the minimum noise point and the maximum available
gain of the HBT to achieve more gain and lower noise fig-
ures in the LNA [10,11]. The matching and DC bias circuits
of the LNA were designed with microstrip lines, metal-insu-
lator-metal (MIM) capacitors, and a resistor. The MIM ca-
pacitors, C; and Cs, act as DC-blocking and radio-frequency
(RF)-coupling and -matching elements. Figure 2 shows the
simulated gain circles and noise figure circles of the designed
single-stage LNA at 94 GHz. When the input matching cir-
cuit of the single-stage LNA was designed to the point of
I's, the LNA attained a 4-dB gain and 5-dB noise figure at
94 GHz, as indicated in Figure 2. The simulated small-signal
gains S,; of the single-stage LNA were 4.1 dB to 4.6 dB at
70 GHz to 95 GHz, as shown in Figure 3. The simulated input
and output matchings (S;; and S,,) of the single-stage LNA
were —19 dB to —5 dB and —28 dB to —14 dB, respectively, at
70 GHz to 95 GHz. The simulated noise figures of the single-
stage LNA were 5.1 dB to 5.9 dB at 70 GHz to 95 GHz.

A four-stage LNA with a common-emitter structure was
designed and optimized using the designed single-stage
LNA, as shown in Figure 4. The simulated bias conditions
of the four-stage LNA were Vg = 1.2V, Vg = 0.9 V, and
Icg = 12 mA. The simulated S,; and noise figures of the four-
stage LNA were 21.6 dB to 25.4 dB and 5.3 dB to 6.2 dB,
respectively, at 70 GHz to 95 GHz, as indicated in Figure 5.
The simulated S}, and S, of the four-stage LNA were —15 dB
to -4 dB and -24 dB to -5 dB, respectively, at 70 GHz to
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FIGURE 2 Simulated gain circle and noise figure circle of the
single-stage LNA at 94 GHz
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95 GHz, as displayed in Figure 5. In Figure 5, some unwanted
high signal gains at frequencies of 54 GHz to 57 GHz below
the operating frequencies of 70 GHz to 95 GHz were simu-
lated at 24.5 dB to 26.1 dB. These unwanted out-of-band sig-
nal gains degrade the performance of the system. Therefore,
high signal gains outside the operating frequencies should be
suppressed by a low-pass filter or a resonator. In this study,
the four-stage LNA has been designed to suppress the high
small-signal gain at 54 GHz to 57 GHz and to flatten the
small-signal gain at operating frequencies using the imped-
ance-controllable filter described in Section 2.3.

2.3 | Filter design

A conventional L-C filter is composed of an inductor (with
inductance L) and capacitor (with capacitance C), as dis-
played in Figure 6A.

8.0
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Input matching (S;,) (dB)
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FIGURE 3 Simulated small-signal and noise figure
characteristics of the single-stage LNA
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FIGURE 4 Schematic of the designed four-stage LNA

The conventional L-C filter theoretically has an imped-
ance of zero at the resonance frequency and very low im-
pedances at frequencies adjacent to the resonance frequency,
expressed as follows:

a=jo (L= —=). )

Therefore, when the conventional L-C filter is applied
to the matching circuit in the amplifier, the RF signals at
the resonance frequency flow through the filter to ground;
eventually, the RF signal gain of the amplifier at the reso-
nance frequency decreases too much. In some cases, even at
operating frequencies adjacent to the resonance frequency,
the RF signal gains of the amplifier with the L-C filter are
also decreased. The RF signals flowing through the L-C fil-
ter to ground can be reduced by increasing the impedances
of the filter at the resonance frequency and at operating
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FIGURE 5 Simulated small-signal and noise figure
characteristics of the four-stage LNA

(A) (B)

FIGURE 6 (A) Conventional L-C filter and (B) proposed filter
with resistors having resistances of Rg and Rp
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FIGURE 7 |Z,l of the conventional L-C filter and 1Z,| of the
proposed impedance-controllable filter with Rg and Rp
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FIGURE 8 f, of the conventional L-C filter and f,, of the
proposed filter with Rg and Rp for Rg = 0-10 kQ

frequencies adjacent to the resonance frequency, which
can improve the RF signal gain characteristics of an am-
plifier with unwanted overly high signal gains outside the
operating frequencies. To increase 1Z;| of the conventional
L-C filter to more than zero at the resonance frequency,
an impedance-controllable filter with two additional resis-
tors (with resistances Rg and Rp) is proposed, as shown in
Figure 6B. The impedance Z, and resonance frequency f,,
of the impedance-controllable filter were compared with
the impedance Z; and resonance frequency f,; of the con-
ventional L-C filter using (2)—(4). IZ,| of the conventional
L-C filter with an inductance of 83.7 pH and a capacitance
of 100 fF is zero at 55 GHz, and |Z,| of the proposed filter
with an inductance of 83.7 pH, a capacitance of 100 fF,
Rg = 10-1000 €, and Rp = 1 kQ is 90 to 560 Q at 55 GHz
per (1) and (2). Figure 7 presents 1Z;| of the conventional
L-C filter and IZ,| of the proposed filter with Rg and Rp for
frequencies of 0 to 100 GHz.
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FIGURE 9 Schematic of the four-stage LNA with the
conventional L-C or proposed filter
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FIGURE 10 Simulated small-signal and noise figure
characteristics of the four-stage LNA with the conventional L-C filter
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FIGURE 11
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TABLE 1 Simulated signal gains of
. 1mulated sighat gamns o Signal gain (S,;) at Signal gain (S,;) at
three designed LNAs .
operating frequency unwanted frequency
(70 GHz to 95 GHz) (54 GHz to 57 GHz)
LNA without any filter (dB) 21.6 t0 25.6 24.5 to 26.1
LNA with conventional L-C filter (dB)  14.4 to 26.0 —184to11.2
LNA with proposed impedance- 19.2t0 24.0 15.5t0 18.4

controllable filter (dB)

; GND u QVCE c O.VCE o 4®‘VCI§ O Ve D GN']-D‘

SiGe HBT

FIGURE 12 Photograph of the
fabricated E-band four-stage LNA MMIC
with the proposed filter
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FIGURE 13 Measured small-signal gain and input/output

matchings compared with the simulated results of the E-band four-
stage LNA with the proposed filter

f.1 of the conventional L-C filter with an inductance of
83.7 pH and a capacitance of 100 fF is 55 GHz, and f;, of
the proposed filter with an inductance of 83.7 pH, a capaci-
tance of 100 fF, Rg = 0-10 k€2, and Rp = 0.5-10 kQ is 2 to
55 GHz per (3) and (4). Figure 8 presents f,; of the conven-
tional L-C filter and f;, of the proposed filter with Rq and Rp
for Ry = 0-10 kQ. Even if the inductance and capacitance
in the impedance-controllable filter have been not changed,
the resonance frequencies and impedances are controlled
because Ry and Rp change as indicated in Figures 7 and 8.
Smaller values of Rp in the proposed filter result in a greater
resonance frequency range, as shown in Figure 8. The reso-
nance frequency and impedance of the impedance-controlla-
ble filter can be changed by Rg and Rp, while the resonance

Proposed filter

GND
ap ] OO0 - 000 O
IBE IBE IBE IBE

frequency and impedance of the conventional L-C filter are
fixed at the value given in (3) and zero at the resonance fre-
quency, respectively.

2.4 | LNA design with impedance-
controllable filter

Figure 9 shows the conventional L-C or proposed filter ap-
plied to the designed four-stage LNA to improve the RF sig-
nal gain characteristics of the LNA with unwanted overly
high signal gains at 54 GHz to 57 GHz.

The conventional L-C filter was designed with L = 83.7
pH and C = 100 fF. The simulated S,; and noise figures of
the four-stage LNA with the conventional L-C filter were
14.4 dB to 26.0 dB and 5.8 dB to 7.0 dB, respectively, at
70 GHz to 95 GHz, as shown in Figure 10. The simulated
Sy and S,, were —18 dB to —4 dB and —11 dB to —6 dB,
respectively, at 70 GHz to 95 GHz, as shown in Figure 10.
In Figure 10, because 1Z;| of the conventional L-C filter
with 83.7 pH and 100 fF is zero at a resonance frequency of
55 GHz, some unwanted signal gains at 54 GHz to 57 GHz
were suppressed by 37.3 dB to 42.9 dB compared with
Figure 5. However, the values of S,, at operating frequencies
also decreased by —0.6 dB to 7.2 dB from 21.6 dB to 25.4 dB
to 14.4 dB to 26.0 dB compared with those in Figure 5. The
simulated noise figures of the four-stage LNA were 5.8 dB to
7.0 dB at 70 GHz to 95 GHz, as displayed in Figure 10. The
noise figures at operating frequencies of 70 GHz to 95 GHz
also increased by 0.5 dB to 0.8 dB compared with the noise
figures of the designed LNA without any filter.
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The proposed filter was applied to the designed four-
stage LNA to improve the RF signal gain characteristics of
the LNA with unwanted overly high signal gains at 54 GHz
to 57 GHz. The impedance-controllable filter was designed
so that L = 83.7 pH, C = 100 fF, Rg = 100 Q, and Rp = 1
k€, and 1Z,l is 92 Q at a resonance frequency of 50 GHz for
these parameters. Using the nonzero impedance character-
istic of the impedance-controllable filter in the matching

—_
(=}

Noise figure (dB)
S = N W A LU N I 0 O

93.7 93.8 93.9 94.0 94.1 94.2 94.3
Frequency (GHz)

FIGURE 14 Measured noise figure of the fabricated E-band
four-stage LNA with the proposed filter

(RF signal input: Signal generator

circuit between the third and fourth stages in the four-stage
LNA, the RF signal gain characteristics with the overly
high signal gain at 54 GHz to 57 GHz and the poor gain
flatness at 70 GHz to 95 GHz were improved, as shown
in Figure 11. The simulated S,; and noise figures of the
four-stage LNA with the proposed filter were 19.2 dB to
24.0 dB and 5.5 dB to 6.2 dB, respectively, at 70 GHz to
95 GHz, as displayed in Figure 11. The simulated S;; and
S,, were —16 dB to —4 dB and -33 dB to -7 dB, respec-
tively, at 70 GHz to 95 GHz, as indicated in Figure 11. The
noise figures at operating frequencies of 70 GHz to 95 GHz
were also increased by 0.0 dB to 0.2 dB compared with the
noise figures of the designed LNA without any filter. In
Figure 11, some unwanted signal gains at frequencies of
54 GHz to 57 GHz were suppressed by 7.7 dB to 9.0 dB
from 24.5 dB to 26.1 dB to 15.5 dB to 18.4 dB compared
with those in Figure 5. S,; at the operating frequencies
were only decreased by 1.4 dB to 2.4 dB from 21.6 dB
to 25.4 dB to 19.2 dB to 24.0 dB compared with that in
Figure 5. The proposed impedance-controllable filter with
nonzero impedance in the four-stage LNA has better signal
gain characteristics and noise figures than the conventional
L-C filter in the four-stage LNA when suppressing the un-
wanted signal gain and widening the operating frequencies.
Table 1 summarizes the simulated signal gains of the three
designed LNAs.

( . )
RF signal output:

-
Voltage input: Power supply

) Spectrum analyzer

r

FIGURE 15 Photograph of the large-signal on-wafer measurement setup
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3 | MEASUREMENTS
3.1 | Fabrication

Figure 12 shows a photograph of the fabricated E-band
four-stage LNA MMIC with the proposed filter using two
additional resistors using IHP’s SiGe 130-nm BiCMOS
technology (IHP SG13S). The chip area of the LNA is
1.38 mm x 0.54 mm (0.74 mm?), including two RF ground-
signal-ground (GSG) pads and the DC pads.

3.2 | Small-signal measurements

Anritsu's MS4647A vector network analyzer and Anritsu's
3743A millimeter-wave module were used to obtain the
small-signal characteristics at frequencies of 70 GHz to
95 GHz. Under the DC bias conditions of the fabricated
LNA MMIC, Ve = 1.2V, Vg = 0.9 V, Ig = 13 mA, and
Ppec = 15.6 mW. The fabricated E-band LNA MMIC has a
measured S,; of 16 dB to 21 dB, S}, of =16 dB to -5 dB, and
S,, of =19 dB to —4 dB for the E-band operating frequencies

25
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FIGURE 16 Measured power gain and power characteristics of

the fabricated E-band four-stage LNA with the proposed filter: (A)
power gain and output power according to the input power and (B)
power gain and input/output P45 for 76 GHz to 100 GHz

ETRI Journal—WlLEYﬂ

of 70 GHz to 95 GHz, as displayed in Figure 13. There was
a difference of 1 dB to 5 dB between the simulated and
measured S,; at 70 GHz to 95 GHz. This might be due to the
degradation in the output matching characteristics compared
with the simulated S,, and underestimation of the via resist-
ances in the simulation. The fabricated E-band LNA with
the proposed impedance-controllable filter has been able to
effectively suppress the unwanted signal gain at 54 GHz to
57 GHz, although this unwanted signal gain was more sup-
pressed than in the simulation. Noisecom's NC5110A noise
source and SAGE’s W-band varactor-tuned Gunn oscillator
were used to obtain the noise figure characteristics of the fab-
ricated LNA MMIC at frequencies of 93.8 GHz to 94.2 GHz,
as displayed in Figure 14. The frequency range of the noise
figure measurements was limited to 93.8 GHz to 94.2 GHz,
which has been already verified by the measurement system.
The LNA MMIC has a measured noise figure of 6.2 dB to
6.6 dB at 93.8 GHz to 94.2 GHz.

3.3 | Large-signal measurements

Figure 15 shows the large-signal on-wafer measurement
setup for the fabricated E-band four-stage LNA MMIC.
Keysight's 83650B signal generator and 83558 A millimeter-
wave source module were used for the large-signal source
at frequencies of 76 GHz to 100 GHz. Keysight's 8365E
spectrum analyzer and 11970W harmonic mixer were used
for large-signal measurement at frequencies of 76 GHz to
100 GHz. The large-signal continuous-wave (CW) behavior
of the fabricated LNA was measured at 76 GHz to 100 GHz,
as shown in Figure 16. The fabricated E-band LNA MMIC
has a measured power gain of 12 dB to 21 dB, an input 1-dB
compression power Pj4g of 26 dBm to —17 dBm, and an
output P4z of =5 dBm to —1 dBm at 76 GHz to 100 GHz.

4 | CONCLUSIONS

In this study, a SiGe 130-nm BiCMOS E-band LNA MMIC
has been designed to suppress unwanted signal gain at 54 GHz
to 57 GHz outside the operating frequencies of 70 GHz to
95 GHz and improve the signal gains and noise figures at these
operating frequencies. The proposed impedance-controllable
filter was used instead of the conventional L-C filter in the
interstage matching circuit of the LNA. The impedance-con-
trollable filter consists of one series resistor and one parallel
resistor between the inductor and the capacitor in the conven-
tional L-C filter. The impedance of the impedance-control-
lable filter can be changed by these two resistors, while the
impedance of the conventional L-C filter is zero at the reso-
nance frequency. The fabricated E-band LNA MMIC with the
impedance-controllable filter has a measured S,; of 16 dB to
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21dB, S, of —16 dB to -5 dB, and S,, of —19 dB to —4 dB for
the E-band operating frequencies of 70 GHz to 95 GHz. The
fabricated LNA MMIC has a measured power gain of 12 dB
to 21 dB, an input P45 of 26 dBm to —17 dBm, and an output
P4z of =5 dBm to —1 dBm at 76 GHz to 100 GHz.
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