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Abstract: This paper presents a variable-gain amplifier (VGA) in the 68–78 GHz range. To reduce DC
power consumption, the drain voltage was set to 0.5 V with competitive performance in the gain and
the noise figure. High-Q shunt capacitors were employed at the gate terminal of the core transistors
to move input matching points for easy matching with a compact transformer. The four stages
amplifier fabricated in 40-nm bulk complementary metal oxide semiconductor (CMOS) showed a
peak gain of 24.5 dB at 71.3 GHz and 3-dB bandwidth of more than 10 GHz in 68–78 GHz range with
approximately 4.8-mW power consumption per stage. Gate-bias control of the second stage in which
feedback capacitances were neutralized with cross-coupled capacitors allowed us to vary the gain
by around 21 dB in the operating frequency band. The noise figure was estimated to be better than
5.9 dB in the operating frequency band from the full electromagnetic (EM) simulation.

Keywords: variable-gain amplifier (VGA), E-band; variable-gain; low power consumption; com-
pact layout

1. Introduction

For the past few years, automotive radar sensing systems have been massively stud-
ied for autonomous cars and relative applications. In addition, a vehicle-to-everything
(V2X) system connecting vehicles with vehicles, pedestrians, infrastructure, and networks
is believed to another essential technology for future intelligent vehicle applications.
Most recently, unified V2X and radar systems operating in E-band (60 GHz–90 GHz)
allocated for radar sensing have been reported [1,2].

The unified V2X and radar system demands more advanced radio frequency (RF)
frontends to accommodate all requirements for each operation modes. Particularly, receiver
frontends need to have very high sensitivity for the sensing mode and large gain tunability
for the data link mode. In addition, massive phased-array configuration [3] at mm-wave
frequencies requires all function blocks to consume less energy with compact occupying
area even for variable-gain amplifiers (VGAs). Obviously, large operating bandwidth
performance is mandatory.

This paper presents a variable-gain amplifier (VGA) fabricated in 40-nm CMOS technol-
ogy in E-band for the unified V2X and radar application. As shown in Figure 1, there are
several methods to tune amplifier gain such as the attenuator control technique [4–6], current
steering technique [7–11], and digital switching technique [12–14]. Insertion of an attenua-
tor between constant gain blocks provides reliable gain control and wideband operation at
the cost of relatively high loss and degradation in the noise performance, particularly in the
millimeter-wave frequency band. The current steering technique has the advantages of wide
and linear gain control range, low dc power, and simple configuration, but the operating
bandwidth would be limited by the current steering circuits. Despite the merit for accurate gain
control, the digital switching techniques replying on a lot of transistors for switching are not
suitable for low power and beamforming transceivers. In this paper, we adopt a bias current
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control technique [15,16] that directly adjusts the transconductance (gm) of the transistor by
adaptively controlling the gate bias of an amplifying stage. It is advantageous for wide gain
range, low power operation, compact design, and wide bandwidth. However, when gm varies,
input and output impedances of an amplifier vary a lot. Thus, it is hard to maintain good
impedance matching for whole gain range. To deal with this issue, we employed the capacitive
cross-coupling neutralization technique to improve reverse isolation of each stage of the ampli-
fier [17]. In Section 2, we present the VGA design, followed by the measurement results of the
VGA in Section 3. Section 4 concludes this paper.
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Figure 1. Four topologies of variable-gain amplifiers (VGAs) utilized in millimeter-wave. (a) Attenuator control technique,
(b) current steering technique, (c) digital switching technique, and (d) bias current control technique.

2. Design Approach

Figure 2 shows the circuit schematic of the 4-stage differential VGA. In this work,
we aimed to have a compact and low power consumption variable amplifier for the
unified V2X-radar phased-array receiver applications in E-band. For the low DC power
requirement, we reduced the drain voltage (VD) down to 0.5 V [18]. In order to estimate
the performance degradation caused by the lowered VD, a simple simulation for maximum
gain and minimum noise figure (NFmin) was conducted; the results are shown in Figure 3.
Note that the drain current was fixed to 10 mA for an N-MOSFET differential pair in this
calculation. When VD decreased from 1 V to 0.5 V, the gain and the noise figure degraded
by approximately 1.8 dB and 0.3 dB, respectively. Those are believed acceptable for the
benefit in the DC power consumption reduction by half. The amplifier consists of four
stages of an N-MOSFET differential core to get a high gain and to decrease common mode
noise. The total gate width of the core transistors is 34.5 µm (1.5 µm × 23 fingers) and
impedance matching was achieved using low-k transformers for wideband operation.
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Figure 3. Maximum stable/available gain (MSG/MAG) and NFmin depending on drain voltage (VD)
at 77 GHz.

In the bias current control technique, when gm varies, input and output impedances
of an amplifier vary a lot. Thus, it is hard to maintain good impedance matching for
whole gain range. According to the two-port network theory, input and output reflection
coefficients are given by Equations (1) and (2) below

ΓIN =
ZIN − Z0

ZIN + Z0
= S11 +

S12S21ΓL
1− S22ΓL

, (1)

ΓOUT =
ZOUT − Z0

ZOUT + Z0
= S22 +

S12S21ΓS
1− S11ΓS

, (2)

where ΓIN and ΓOUT are input and output reflection coefficients, respectively. ZIN and
ZOUT are input and output impedances, respectively, and Z0 is the system impedance
that is constant. As can be seen, small changes in the input or output impedance can
significantly affect the reflection coefficients on the other side, particularly for high gain
stage, which can be a serious problem in VGAs based on the bias-control scheme. However,
if S12 is low enough, such influences from the other port can be significantly reduced and
thus input and output reflection coefficients remain to S11 and S22 of the core N-MOSFETs.
In this work, we improve the reverse isolation by applying neutralization to core transistors
of the amplifier.

Neutralization has been widely employed to improve reverse isolation and gain
of amplifiers by eliminating parasitic gate-drain capacitance (Cgd) of transistors [15–19].
This unintended feedback path caused by Cgd led to an unstable amplifier and caused
signal loss and gain reduction. Each stage of the amplifier was capacitively neutralized
with cross-coupling neutralization capacitor (Cnue) to cancel Cgd. Figure 4 is the small signal
equivalent circuit with capacitive neutralization considering only parasitic gate-drain
capacitance. Y-parameters of the 2-port network can be written as follows:

Y12 = −jω
(

Cgd − Cneu

)
, (3)
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Y21 = gm − jω
(

Cgd − Cneu

)
(4)
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Equations (3) and (4) from Figure 4 show that capacitive neutralization can improve
reverse isolation and gain [17]. Theoretically, the perfect isolation can be implemented as
Cneu is equal to the Cgd.

To verify effect of neutralization, we configured a one-stage amplifier and conducted a
simulation as changing the value of Cneu. Figure 5 shows the simulated maximum gain and
isolation performance with respect to Cnue at 70 GHz. As can be seen, with the optimum
Cnue, overall gain and the isolation can be greatly improved. When Cneu equals Cgd, S12
is −39.5 dB, which is 22.1-dB lower than that with no neutralization. The gain begins to
increase thanks to the effect of neutralization. According to equation (5), stability factor k is
inversely proportional to S12. Thus, as S12 becomes lower, k becomes greater than 1. Then,
the gain starts to decrease, and turns to increase as S12 rises again. When k reduces under 1,
however, the gain decreases again.

k =
1− |S11|2 − |S22|2 − |∆|2

2|S12S21|
, ∆ = S11S22 − S12S21 (5)
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In addition, the neutralization technique makes the input and output impedances less
sensitive to change of the bias voltage for gain control. Figure 6 shows the simulated input
and output impedances at various gate bias voltages. As can be seen, the magnitudes of
the input and output impedance variations are 24.5 Ω and 69.0 Ω, respectively, when gate
bias voltage is changed from 0.55 V to 0.25 V without Cneu at 73 GHz. With the optimum
Cneu for best isolation, however, the input and output impedance variations are reduced to
3.0 Ω and 14.9 Ω for input and output ports, respectively. These are about 87 % and 78 %
reductions in the impedance variations for each port. Thus, the large impedance variation
can be significantly reduced with the neutralization technique, which will be of great help
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for the reliable operation of the VGA. From the full EM simulation, we selected 9-fF Cneu
for the reverse isolation that is the highest priority.

Electronics 2021, 2, x FOR PEER REVIEW 5 of 11 
 

 

 
(a) 

 
(b) 

Figure 6. (a) Magnitude of input and output impedances (Zin and Zout) of a single-stage differential 
amplifier core without neutralization and (b) with neutralization. 

Transformers (TFs) have been commonly used for impedance matching in differen-
tial CMOS radio frequency integrated circuits (RFICs) [20–24]. TFs provide compact lay-
out compared to other techniques; however, they still occupy large area in general. Given 
transistors or impedance need to be matched to 50-Ω; the required inductances of the TFs 
are determined from the simple circuit theory and therefore there is no freedom for com-
pact layout. In this work, we introduce a small shunt capacitor at the gate nodes, which 
led small TFs required for the given matching points. Figure 7a shows a schematic of the 
impedance matching circuit with a transformer and a shunt capacitor, and Figure 7b 
shows the equivalent circuit for the impedance matching. The input impedance (Zin`) and 
the input source impedance (Zs) seen from the gate node are derived as follows: 𝑍 ` = 1𝑌 + 𝑗 2𝜔𝐶 , (6)

𝑍 = 50 + 𝑗𝜔 𝐿2 − 𝑀 //𝑗𝜔𝑀 + 𝑗𝜔 𝐿2 − 𝑀 , (7)

where Yin is the input admittance of the amplifier core and M is mutual inductance of the 
transformer. Assuming conjugate impedance matching, Zin` = Zs* should be satisfied at 
the desired frequency. In order to verify the effectiveness of the shunt capacitor, we con-
ducted simple calculation with the device parameters used in this work. The length and 
width of the MOSFET for the calculation was selected to 0.04 μm and 34.5 μm, respec-
tively, which has the conductance (G) and susceptance (B) of 0.005 ℧ and 0.015 ℧, respec-
tively. L1 was assumed to equal L2. Figure 7c shows the calculated secondary inductance 
of the impedance matching TF as a function of the shunt capacitance. This function is ob-
tained by calculating Zin` = Zs* with equations (6) and (7). As shown in the figure, the shunt 
capacitor helps to match the given impedance with a small TF, leading compact matching 
circuit. It is assumed that this approach would improve conduction loss and quality factor 
of the TF as well. In this work, an 8-fF capacitor is added in the core, and the layout is 
shown in Figure 8. Based on the results shown in Figure 7c, the occupied area of the match-
ing TF was reduced by approximately 30 %. In the proposed amplifier, values of the cou-
pling coefficient (k) of the transformers were selected to be k1 = −0.63, k2 = −0.24 and 

Figure 6. (a) Magnitude of input and output impedances (Zin and Zout) of a single-stage differential amplifier core without
neutralization and (b) with neutralization.

Transformers (TFs) have been commonly used for impedance matching in differ-
ential CMOS radio frequency integrated circuits (RFICs) [20–24]. TFs provide compact
layout compared to other techniques; however, they still occupy large area in general.
Given transistors or impedance need to be matched to 50-Ω; the required inductances of
the TFs are determined from the simple circuit theory and therefore there is no freedom
for compact layout. In this work, we introduce a small shunt capacitor at the gate nodes,
which led small TFs required for the given matching points. Figure 7a shows a schematic
of the impedance matching circuit with a transformer and a shunt capacitor, and Figure 7b
shows the equivalent circuit for the impedance matching. The input impedance (Zin‘) and
the input source impedance (Zs) seen from the gate node are derived as follows:

Zin =
1

Yin + j(2ωCshunt)
, (6)

ZS =

[{
50 + jω

(
L1

2
−M

)}
//jωM

]
+ jω

(
L2

2
−M

)
, (7)

where Yin is the input admittance of the amplifier core and M is mutual inductance of the
transformer. Assuming conjugate impedance matching, Zin‘ = Zs* should be satisfied at the
desired frequency. In order to verify the effectiveness of the shunt capacitor, we conducted
simple calculation with the device parameters used in this work. The length and width of
the MOSFET for the calculation was selected to 0.04 µm and 34.5 µm, respectively, which
has the conductance (G) and susceptance (B) of 0.005 ℧ and 0.015 ℧, respectively. L1 was
assumed to equal L2. Figure 7c shows the calculated secondary inductance of the impedance
matching TF as a function of the shunt capacitance. This function is obtained by calculating
Zin‘ = Zs* with Equations (6) and (7). As shown in the figure, the shunt capacitor helps
to match the given impedance with a small TF, leading compact matching circuit. It is
assumed that this approach would improve conduction loss and quality factor of the TF
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as well. In this work, an 8-fF capacitor is added in the core, and the layout is shown in
Figure 8. Based on the results shown in Figure 7c, the occupied area of the matching TF was
reduced by approximately 30 %. In the proposed amplifier, values of the coupling coefficient
(k) of the transformers were selected to be k1 = −0.63, k2 = −0.24 and k3 = −0.53. A low-k
transformer that assisted wide bandwidth design was used in an inter-stage impedance
matching network. Thick metal layer was used for signal lines to reduce signal losses.
A lower metal layer at the gate paths was used to make input impedance of the amplifier
core capacitive and thus easy to impedance-match. It should be noted here that large shunt
capacitors may limit the gain and the noise performance of the amplifier because of the
limited quality factor of the capacitor. In this work, 8-fF capacitance is selected based on
the available space and the performance degradation. Quality factor of the shunt capacitor
was around 20 at 73 GHz from the full EM simulation. As shown in Figure 3, the gain and
the noise degradation due to the 8-fF capacitor were estimated to be around 0.6 dB and
0.3 dB, respectively.
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Figure 7. (a) A transformer-based impedance matching network. (b) A simple equivalent circuit of the matching network
is presented by a half circuit for easy analysis. (c) The calculated secondary inductance according to coupling coefficient
against Cshunt at 73 GHz.

In addition, core transistors were weakly degenerated with the thick metal intercon-
nections, of which inductance (Ldegen) was around 1.5 pH. This moved the conjugate input
matching point to the middle of the noise circle, resulting in the return loss less than 13 dB
even with the noise matching condition.
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3. Measurement Results

The four-stage variable-gain VGA was fabricated in the 40-nm CMOS technology,
and the microphotograph is shown in Figure 9. The active area of the proposed amplifier
is 668 µm × 159 µm without DC and RF pads. The total drain current was 38.2 mA from
0.5-V supply at the peak gain condition. RF measurement was performed with an on-wafer
probing system and a 110-GHz vector network analyzer. The effect of the RF pads was not
de-embedded here. Figure 10 shows measured small signal S-parameters of the amplifier.
The VGA achieved peak gain of 24.5 dB at 71.3 GHz with 3-dB bandwidth of around
10 GHz in 68 GHz–78 GHz span. Thanks to the inductive degeneration, good input
return loss less than −10 dB was achieved in the operating frequency band even with the
noise matching.
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In this paper, we control inter-stage gate bias voltages to tune the amplifier gain.
In this measurement, to get a variable gain, we controlled the second gate bias voltage,
and the measurement results are shown in Figure 11. The peak and minimum gains were
achieved with the gate voltages of 0.55 V and 0.225 V, respectively. Meanwhile, DC power
consumption of the amplifier was reduced from 19.1 mW to 15.5 mW accordingly. As can
be seen, S21 could be tuned by approximately 21 dB in maximum while maintaining the
3-dB bandwidth of 10 GHz. Meanwhile, return losses at input and output ports were rarely
changed and remained below 10 dB approximately in overall. At 73 GHz, input and output
return loss variations were around 5.4 dB and 1.9 dB, respectively.
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Table 1 summarizes the results of this work along with several prior works operating
at similar frequencies. Even with low power consumption and compact layout, competitive
performance in gain and tuning range was achieved. In particular, thanks to the compact
matching circuit design with the optimum combination of the transformer and shunt
capacitors, area reduction of 30% or more was achieved. In addition, the gain in dB per mW
of around 1 was achieved by operating the amplifier with 0.5 V supply, which is superior
to other prior works.

Table 1. Comparison with variable-gain amplifiers (VGAs) in literature.

[5] [6] [9] [10] [11] [12] [15] [16] This Work

Technology 55-nm
BiCMOS

0.12-µm
SiGe

65-nm
CMOS

90-nm
CMOS

40-nm
CMOS

28-nm
CMOS

28-nm
CMOS

65nm
CMOS

40-nm
CMOS

Topology
1-

attenuator
+ 1-CB

5-CE +
2-

attenuator

2-current
steering+

1-splitting

2-cascode
+ 1-current
steering +

1-CS

2-cascode
(1-current
steering)

3-CS 4-CS 3-CS 4-CS

Freq. (GHz) 73.5 81 60 78 57 79 82.3 58 73

Peak gain (dB) 4.8 24 21 23 6.7 23.8 29.6 25 24.5

Gain range (dB) 11.8 #

(−7–4.8)
20 33 #

(−12–21)
19.1 #

(4.6–23.7)
5.7

(1.0–6.7)

4.5
(19.3–
23.8)

11.6 #

(18.0–29.6)
17

(8–25)
21.3 #

(3.2–24.5)

3-dB BW (GHz) >5
(<71–>76)

>5
(<81–>86)

17
(52–69)

18.8
(68.8–87.6)

11
(51–62) 10 28.3

(68.1–96.4)
7.5

(53.5–61)
10.4

(67.8–78.2)

3-dB BW (%) > 6.8 > 6.2 28.3 24.1 19.3 12.7 34.4 12.9 14.2

NF (dB) - 4.5 7.9 5.3 5.1 4.9 6.4 4.8 4.8 (sim)

OP1dB (dBm) - - - - - - 1.5 - −3.6 (sim)

OIP3 (dBm) - - - 0.2 - - - - 6.5 (sim)

PDC (mW) 18.4 67 11 55 12.1 30.6 31.3 47.5 19.1

VD (V) 1.6 1.6 1 1.2 1.1 0.9 0.9 1.3 0.5

Core area
(mm2) 0.078 1.179 0.25 * 0.573 * 0.237 ** 0.148 * 0.131 ** 0.258 * 0.106

#: Maintaining 3-dB BW, *: chip size, including RF and DC pads, and ** estimated chip size without the pads.

4. Conclusions

This paper shows a variable-gain VGA fabricated in 40-nm CMOS technology in
E-band. For the low DC power requirement, we reduced the VD down to 0.5 V, resulting in
unity gain in dB per mW. The high-Q shunt capacitor enabled us to achieve approximately
30% TF area reduction, resulting in a very compact chip. One of the most serious draw-
backs of the gate-bias control was migrated with the cross-coupled capacitor neutralization
technique. Due to the high isolation of each gain stage, the propagation of impedance mis-
match with the gate-bias control was avoided. Meanwhile, the comparative performance
was achieved. The presented VGA achieved peak gain of 24.5 dB at 71.3 GHz and a 3-dB
bandwidth of more than 10 GHz in 68 GHz–78 GHz range with approximately 4.8-mW
power consumption per stage. The 21-dB variable-gain range was obtained by tuning the
second gate voltage while maintaining 3-dB Bandwidth. The VGA performed promisingly,
not only in gain tuning range and bandwidth but also in area and power dissipation for
the beamforming transceivers for the unified V2X and radar applications.

Author Contributions: Conceptualization, G.S. and H.-J.S.; methodology, G.S., K.L. and K.K.;
validation, G.S. H.-H.J.; formal analysis, G.S. and H.-J.S.; investigation, G.S.; writing—original
draft preparation, G.S.; writing—review and editing, H.-J.S.; supervision, H.-J.S.; project administra-
tion, H.-J.S.; funding acquisition, H.-J.S. All authors have read and agreed to the published version of
the manuscript.



Electronics 2021, 10, 804 10 of 11

Funding: This work was supported by Institute of Information and communications Technology
Planning and Evaluation (IITP) grant funded by the Korea government (MSIT) (IITP-2018-0-00823;
investigation on future mm-Wave circuits, packages, and systems, IITP-2019-0-00060; development
of 300 GHz band Tbps beamforming transceiver chip for next generation short range communication;
and IITP-2019-0-00762, next-generation multistatic radar imaging system for smart monitoring).

Data Availability Statement: Some of the data presented in this study are available on request from
the corresponding author.

Acknowledgments: The authors would like to thank Keysight Technologies, Inc. for supporting the
circuit design software and measurement instruments.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Petrov, V.; Fodor, G.; Kokkoniemi, J.; Moltchanov, D.; Lehtomaki, J.; Andreev, S.; Koucheryavy, Y.; Juntti, M.; Valkama, M.

On Unified Vehicular Communications and Radar Sensing in Millimeter-Wave and Low Terahertz Bands. IEEE Wirel. Commun.
2019, 26, 146–153. [CrossRef]

2. Kucharski, M.; Kissinger, D.; Ng, H.J. A universal monolithic E-band transceiver for automotive radar applications and V2V
communication. In Proceedings of the 2018 IEEE 18th Topical Meeting on Silicon Monolithic Integrated Circuits in RF Systems
(SiRF); Institute of Electrical and Electronics Engineers (IEEE), Anaheim, CA, USA, 14–17 January 2018; pp. 12–14.

3. Sowlati, T.; Sarkar, S.; Perumana, B.; Chan, W.L.; Afshar, B.; Boers, M.; Shin, D.; Mercer, T.; Chen, W.-H.; Toda, A.P.; et al.
A 60GHz 144-element phased-array transceiver with 51dBm maximum EIRP and ±60◦ beam steering for backhaul application.
In Proceedings of the 2018 IEEE International Solid-State Circuits Conference—(ISSCC), San Francisco, CA, USA, 11–15 February
2018; pp. 66–68. [CrossRef]

4. Natarajan, A.; Nicolson, S.; Tsai, M.-D.; Floyd, B. A 60GHz variable-gain LNA in 65nm CMOS. In Proceedings of the 2008 IEEE
Asian Solid-State Circuits Conference, Fukuoka, Japan, 3–5 November 2008; pp. 117–120.

5. AnsariK, K.T.; Ross, T.; Repeta, M. An E-band variable-gain Amplifier using a programmable attenuator. In Proceedings of the
European Microwave Conference (EuMC), Madrid, Spain, 23–25 September 2018; pp. 321–324.

6. Ben Yishay, R.; Katz, O.; Sheinman, B.; Elad, D. High Performance E-Band Variable Gain LNA with Image Reject Filter.
In Proceedings of the IEEE Asia-Pacific Microwave Conference (APMC), Singapore, 10–13 December 2019; pp. 1375–1377.

7. Hsieh, C.-Y.; Kao, J.-C.; Kuo, J.-J.; Lin, K.-Y. A 57–64 GHz low-phase-variation variable-gain amplifier. In Proceedings of the
IEEE/MTT-S International Microwave Symposium Digest, Montreal, QC, Canada, 17–22 June 2012; pp. 1–3.

8. Yeh, H.-C.; Aloui, S.; Chiong, C.-C.; Wang, H. A Wide Gain Control Range V-Band CMOS Variable-Gain Amplifier with Built-In
Linearizer. IEEE Trans. Microw. Theory Tech. 2012, 61, 902–913. [CrossRef]

9. Siao, D.-S.; Kao, J.-C.; Wang, H. A 60 GHz Low Phase Variation Variable Gain Amplifier in 65 nm CMOS. IEEE Microw. Wirel.
Compon. Lett. 2014, 24, 457–459. [CrossRef]

10. Wang, Y.; Chen, C.-N.; Wu, Y.-C.; Wang, H. An E-band variable gain low noise amplifier in 90-nm CMOS process using body-
floating and noise reduction techniques. In Proceedings of the IEEE European Microwave Integrated Circuits Conference (EuMIC),
Madrid, Spain, 23–25 September 2018; pp. 277–280.

11. Wang, B.; Gao, H.; Van Dommele, A.R.; Matters-Kammerer, M.K.; Baltus, P.G.M. 60-GHz Low-Noise VGA and Interpolation-Based
Gain Cell in a 40-nm CMOS Technology. IEEE Trans. Microw. Theory Tech. 2019, 67, 518–532. [CrossRef]

12. Medra, A.; Giannini, V.; Guermandi, D.; Wambacq, P. A 79GHz variable gain low-noise amplifier and power amplifier in 28nm
CMOS operating up to 125 ◦C. In Proceedings of the ESSCIRC 2014—40th European Solid State Circuits Conference (ESSCIRC),
Venice Lido, Italy, 22–26 September 2014; pp. 183–186.

13. Huang, D.; Zhang, L.; Zhang, L.; Wang, Y. A 60-GHz, 15-dB Gain Range Digitally Controlled Phase-Inverting VGA with 0-dBm
OP1dB and 3 Phase Variation in 65-nm CMOS. IEEE Microw. Wirel. Compon. Lett. (MWCL). 2018, 2018 28, 819–821. [CrossRef]

14. Tsai, J.-H.; Lin, C.-L. A 40-GHz 4-Bit Digitally Controlled VGA With Low Phase Variation Using 65-nm CMOS Process. IEEE
Microw. Wirel. Compon. Lett. 2019, 29, 729–732. [CrossRef]

15. Vigilante, M.; Reynaert, P. A 68.1-to-96.4GHz variable-gain low-noise amplifier in 28nm CMOS. In Proceedings of the 2016
IEEE International Solid-State Circuits Conference (ISSCC), San Francisco, CA, USA, 31 January–4 February 2016; pp. 360–362.
[CrossRef]

16. Bierbuesse, D.; Negra, R. 60 GHz variable Gain & Linearity Enhancement LNA in 65 nm CMOS. In Proceedings of the 2020 IEEE
Radio Frequency Integrated Circuits Symposium (RFIC), Los Angeles, CA, USA, 4–6 August 2020; pp. 163–166.

17. Asada, H.; Matsushita, K.; Bunsen, K.; Okada, K.; Matsuzawa, A. A 60GHz CMOS power amplifier using capacitive cross-
coupling neutralization with 16% PAE. In Proceedings of the IEEE European Microwave Conference (EuMC), Manchester, UK,
10–11 October 2011; pp. 1115–1118.

18. Shin, W.; Callender, S.; Pellerano, S.; Hull, C. A Compact 75 GHz LNA with 20 dB Gain and 4 dB Noise Figure in 22nm FinFET
CMOS Technology. In Proceedings of the 2018 IEEE Radio Frequency Integrated Circuits Symposium (RFIC), Philadelphia, PA,
USA, 10–12 June 2018; pp. 284–287.

http://doi.org/10.1109/MWC.2019.1800328
http://doi.org/10.1109/isscc.2018.8310186
http://doi.org/10.1109/TMTT.2012.2233211
http://doi.org/10.1109/LMWC.2014.2316253
http://doi.org/10.1109/TMTT.2018.2889058
http://doi.org/10.1109/LMWC.2018.2854964
http://doi.org/10.1109/LMWC.2019.2942013
http://doi.org/10.1109/isscc.2016.7418056


Electronics 2021, 10, 804 11 of 11

19. Park, H.-C.; Park, B.; Cho, Y.; Park, J.; Kim, J.; Lee, J.H.; Son, J.; An, K.H.; Yang, S.G. A high efficiency 39 GHz CMOS cascode PA
for 5G applications. In Proceedings of the IEEE Radio Frequency Integrated Circuits Symposium (RFIC), Boston, MA, USA, 2–4
June 2019.

20. Kong, S.; Lee, H.-D.; Jang, S.; Park, J.; Kim, K.-S.; Lee, K.-C. A 28-GHz CMOS LNA with Stability-Enhanced Gm-Boosting
Technique Using Transformers. In Proceedings of the 2019 IEEE Radio Frequency Integrated Circuits Symposium (RFIC), Boston,
MA, USA, 2–4 June 2019; pp. 7–10. [CrossRef]

21. Vigilante, M.; Reynaert, P. On the Design of Wideband Transformer-Based Fourth Order Matching Networks for {E} -Band
Receivers in 28-nm CMOS. IEEE J. Solid-State Circuits 2017, 52, 2071–2082. [CrossRef]

22. Wang, H.; Sideris, C.; Hajimiri, A. A CMOS Broadband Power Amplifier with a Transformer-Based High-Order Output Matching
Network. IEEE J. Solid-State Circuits 2010, 45, 2709–2722. [CrossRef]

23. Callender, S.; Pellerano, S.; Hull, C. A 73GHz PA for 5G phased arrays in 14nm FinFET CMOS. In Proceedings of the 2017 IEEE
Radio Frequency Integrated Circuits Symposium (RFIC), Honolulu, HI, USA, 4–6 June 20177; pp. 402–405. [CrossRef]

24. Ali, S.N.; Agarwal, P.; Baylon, J.; Gopal, S.; Renaud, L.; Heo, D. A 28GHz 41%-PAE linear CMOS power amplifier using a
transformer-based AP-PM distortion-correction trchnique for 5G phased arrays. In Proceedings of the IEEE International.
Solid-State Circuits Conference (ISSCC), San Francisco, CA, USA, 11–15 February 2018.

http://doi.org/10.1109/rfic.2019.8701753
http://doi.org/10.1109/JSSC.2017.2690864
http://doi.org/10.1109/JSSC.2010.2077171
http://doi.org/10.1109/rfic.2017.7969103

	Introduction 
	Design Approach 
	Measurement Results 
	Conclusions 
	References

