
RFIC : Transceiver, LNA, PA, PLL, Mixer, VGA, Phase-Shifter, et al.
Frequency: From DC to beyond 300GHz
Process: CMOS (TSMC 28nm, GF RF SOI 45nm), III-V (Wolfspeed GaN,

InGaAs etc)

Web: https://www3.ntu.edu.sg/home/eccboon/

Mobile Wireless Communication
High-speed Wireline Communication
Vehicular Communication and Radar
THz Communication
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Research Leadership in RF/MMW IC

Research Funding in Recent 5 Years

Source of Grant/ Project Title Quantum ($)

Cash Only (Total 
including in-kind)

Role Grant Period

Keysight Technologies Singapore – NTU 
Joint R&D: Transceiver test and 
development applicable for V2X-System 
and mmW

$133,750.00 
($1,650,000 in kind 
in test equipment)

PI 22 January 2020 to 21 
January 2023

A*STAR (STAT Board)/ Transceiver 
Development Applicable for Hybrid “C-
V2X+DSRC” V2X-System

S$2,889,900.00 PI 1 November 2019 to 31 
October 2022

MIT-NTU: LEES-SMART-IRG/ LEES III-V + 
CMOS Circuits & System towards 
Commercialization (5 Projects)

S$2,465,760.00 PI Since 1 April 2012 to 31 
December 2021 

MOE AcRF Tier 2/ CMOS Terahertz 
Plasmonic Interconnect towards Tera-scale 
Computing

S$788,736.00 PI 28 January 2019 to 27 
January 2023

Delta Electronic-NTU, Wireless Het. Net. 
Transceiver Chipset  

S$1,031,798.00 PI 01- July 2016 to 30 June 2021



Research 
Leadership 
in RF/MMW 

IC

Some Other 
Projects as 

PI



IPs in RF IC. 

Web: https://www3.ntu.edu.sg/home/eccboon/



Integrated GaN PA for 802.11ax ApplicationRF CMOS Receiver Front-End (ISSCC 2021)

REF 1: K.T. Yang, C. C. Boon, ISSCC 2021



Integrated GaN PA for 802.11ax ApplicationRF CMOS Receiver Front-End (ISSCC 2021)

REF 1: K.T. Yang, C. C. Boon, ISSCC 2021
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Transformer-based noise-cancelling without Aux-Path.
Transformer provides multiple advantages:
DC biasing / L-C-R loading / Input matching / Noise cancelling / Passive balun.
Achieves a noise figure of 1.75dB with 25mW at 5GHz.
Suitable for frequencies larger than 5GHz.



Integrated GaN PA for 802.11ax ApplicationRF CMOS Receiver Front-End (ISSCC 2021)

REF 1: K.T. Yang, C. C. Boon, ISSCC 2021



Integrated GaN PA for 802.11ax ApplicationRF CMOS Receiver Front-End (ISSCC 2021)

REF 1: K.T. Yang, C. C. Boon, ISSCC 2021



Integrated GaN PA for 802.11ax ApplicationRF CMOS LNA (ISSCC 2022)

REF: Z. Liu, C. C. Boon, ISSCC 2022

A 0.0078-mm2 3.4-mW Wideband Positive-Feedback-Based Noise-Cancelling 
LNA in 28-nm CMOS Exploiting Gm-Boosting



Integrated GaN PA for 802.11ax ApplicationRF CMOS Receiver Front-End (ISSCC 2022)

REF: K.T. Yang, C. C. Boon, ISSCC 2022



Testing Results of LNA
• A positive-feedback-based NC LNA with CM and active feedforward is demonstrated and tested. 

The POC measured results have achieved the lowest power consumption (3.4mW) while achieving 
highest gain (19.6dB) and smallest footprint (0.0078mm2) with comparable NF (2.7dB) among the 
arts [1-4]. 

• This is easily translated to lowest cost for mass production with minimum power consumption 
among state-of-the-arts. 

Testing Results of Receiver
• This work presents several current-mode receiver architectures with no LNA employed, which 

combines the advantages of conventional current-mode and mixer-first architectures, creating low 
input impedance at both RF and IF input. 
The measured POC receiver has achieved a high In-band (IB)-IIP3 in current-mode and the lowest 
NF at 5GHz in voltage-mode, where the core circuit occupies a smallest area of 0.4mm2 among 
similar works. The low NF and high gain at voltage mode as well as high IB-IIP3 and low power at 
current mode makes it a high performance and highly versatile receiver. 

• Both works are accepted for ISSCC 2022, which is known as the Olympic of IC design. Note 
that in 2022, 4 ISSCC papers accepted from Singapore (from both industry and academia), 
where these are the 2 from NTU. 



Integrated GaN PA for 802.11ax Application
6G & Beyond- Metal Fill to Improve Q and 

for Tuning @ mmW & THz 

REF: T. Guo, C.C. Boon, K.T. Yang, A. Zhou., “A high Q microstrip line with novel big-small-
holes periodically perforated ground metal in CMOS process”, NTU Ref:2021-037-01-SG PRV, 
provisional patent application number 10202102018P, Filed Date 26 Feb. 2021 

This invention is applied to RF/MMIC designs especially to high frequency circuits in 6G applications 
where quality factor is extremely tough. It can be used in other processes where both metal density 
and quality factor performance are required and can also be used to tune the bandwidth of the 
circuit passband and stopband in 5G/6G applications. Firstly, this invention can improve passive 
devices quality factor by optimizing ground metal structure by 12% without adding additional 
manufacturing cost, to improve their passive device models. Secondly, this invention can be used in 
RF/mm-Wave circuits where passive devices are used. 



Integrated GaN PA for 802.11ax Application
6G & Beyond- Metal Shape for Low Loss @ 

mmW & THz 

REF: Y. Liang, C. C. Boon, IEEE Transactions on Microwave Theory and Techniques,  accepted, 
Oct. 2022. TSMC 65nm RFCMOS. 



Integrated GaN PA for 802.11ax Application
6G & Beyond- Cross-talk & effect on gain & 

Noise of Metal @ mmW & THz 

REF: Y. Liang, C. C. Boon, IEEE Transactions on Microwave Theory and Techniques,  accepted, 
Oct. 2022. TSMC 65nm RFCMOS. 



Overcoming Gain Flatness, Wideband 
Gain Trade-off for MMW Application. 
G.Y. Feng, C.C. Boon, IEEE JSSC, 2017

6G & Beyond: Widest Bandwidth Highest BWER 100GHz LNA



Best phase noise 
 Best power efficiency
X. Yi, C. C. Boon, “Low Phase 
Noise Dual‐Band Sub‐Sampling 
Phase‐Locked Loops”. US 
Provisional Application & IEEE 
Access 2019.

MM-Wave RFIC: 24/77GHz Dual-Band vehicle FMCW Radar



REF 2: X. Yi, C. C. Boon, et al. ISSCC.   Fast 
settling due to high reference freq., Ultra low phase 
noise (low jitter), energy efficiency. 

RMS jitter: 0.23 ps

MM-Wave RFIC: 57.9-68.3GHz PLL (ISSCC)



Ref. 
Tech. 
(nm) 

Operating 
Range (GHz) 

P.N.@1MHz 
/10MHz 
(dBc/Hz) 

FOM(1)@1MHz 
/10MHz 
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(dBc/Hz) 

Output 
Phase 

Power 
(mW) 

[2] 
65 

CMOS 

98~103.3 
(5.2%) 

-75(3) 
/-112.1 

-164.49/ 
-181.59 

-158.81 
/-175.91 

Differential 12~21 

91.7~95.5 
(4.1%) 

-80(3) 
/-118.8 

-162.79/ 
-181.59 

-155.04 
/-173.84 

Eight 
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[3] 
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-92.83 
/-100(3) 
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This 
work 
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Ref. 
Tech. 
(nm) 
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(MHz) 

Operating 
Range (GHz) 

P.N.@1MHz 
/10MHz 
(dBc/Hz) 

Reference 
Spur 
(dBc) 

Resolution 
(MHz) 
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Architecture 
Power 
(mW) 
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65 

CMOS 
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95.1~96.5 

(1.5%) 
-76 

/-93(3) 
-51.8 fREF Differential Integer-N 43.7 

[5] 
65 
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-40 fREF Differential 

Integer-N + 
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14.1 

[6] 
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-103.53(4) 
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57 

(1) FOM = P.N. – 20log(f0/Δf) + 10log(Power/1mW). 
(2) FOMT = FOM – 20log(% of Operating Range/10%). 
(3) Estimated from figures. 
(4) PLL is in fractional-N mode. 
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(3) Estimated from figures. 
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Ultra-compact PLL
Overcoming  frequency resolution, fast settling, signal 
purity trade-off. 
X. Yi, C. C. Boon, TMTT 2019.

6G & Beyond: World First 100GHz Fractional-N PLL in CMOS



A 4-way surface-wave signal source is designed in 65nm CMOS at 160 GHz. 
Low loss as signal source for sub-THz communication. 
Measurement results 3.7 mW output power
5.5% DC-RF efficiency, 6.3% FTR and -105 dBc/Hz phase noise at 10 MHz 
offset, leading state-of-the-art FOM of -171 dBc/Hz and FOMT of -172.7 dBc/Hz 
in literature. (L. Yuan, C. C. Boon, ESSCIRC 2018)

6G and beyond: 160GHz 3.7mW Output Power Signal Source



Y. Liang, C. C. Boon, IMS 2020, USA

6G & Beyond: A 311.6GHz PLL SiGe BiCMOS with -90 dBc/Hz in-band 
Phase Noise



CMOS + GaN Integrated in a Single Chip 

Focused & Designed GaN+CMOS



CMOS + GaN Integrated in a Single Chip 
A DC-DC boost converter was designed 

and
fabricated using the 

GLOBALFOUNDRIES GaN2BCDTM
technology. It features direct integration 

of a silicon BCD
control circuit with two GaN power 

transistors, high conversion
ratio (3.3-to-70 V), large output power, 

high conversion
efficiency, and compact size. 

F. Meng, D. Disney,…C. C. Boon, IEEE
Transactions on Power Electronics, vol. 34, no. 3,
pp. 1993-1996, Mar. 2019. 2018. (I.F=6.008) DOI:
10.1109/TPEL.2018.2859419 (GF)



Research Direction:

CMOS + GaN Integrated in a Single Chip 

5-6GHz CMOS transceiver for 802.11ax WLAN

Sub-6GHz CMOS transceiver for 5G NR

2-6GHz Broadband GaN Power Amplifier

Integrated CMOS transceiver and GaN Power
Amplifier in a single chip



CMOS + GaN Integrated in a Single Chip 

Focused & Designed GaN+CMOS

Power Application

Mobile 
Applicati
on

Wireless transceiver

RF front-end/PA

Bias gen./ctrl.

LED 
Application

mmWave
5G Phased 
Array

Wireless Power 
Transfer (WPT) DC-DC for supply

Li-FiDisplay



< System Level Diagram of Low Frequency Li-Fi >

LEES Solar Cell

Optical Receiver

Optical link

 Recently – Work on using LEES LED in transmitter side

Optical Transmitter

<Previous demo using LEES solar cell>

CMOS + GaN Integrated in a Single Chip 



Current Work: CMOS + GaN Integrated in a Single Chip 

GaN Power Amplifier

Our Works Near Future

• Bulky module for 
high output power 
(>10W)

• Low efficiency @ 
low output power

New GaN PA topology

III-V+CMOS PA’s
for 5G

(High Power & 
Efficiency using 

LEES technology)

2mm2 RF front-end

Previous Works

2~6GHz Wideband PA



CMOS + GaN Integrated in a Single Chip 

CMOS Transceiver 

Our Works

• CMOS single-chip 
for single RF or 2x2 
MIMO

• Separate III-V for 
RF front-end (e.g. 
PA,LNA,SW)

Fully integrated 
5G RF ‘array’

(High Level of 
Integration using 
LEES technology)2.5mm2 RF Rx in 

0.18um GF CMOS

1.4mm2 RF Tx in 
0.18um GF CMOS

Previous Works Near Future



CMOS + GaN Integrated in a Single Chip 

V2X Communication

Our Works Near Future

Integration of 
GaN+CMOS single-

chip radio in a 
smartphone

(for direct phone-
to-phone comm.)

Prototyping using our 
designed CMOS and 

GaN circuits 
(as well as an Android 
SW in a smartphone)

Previous Works

• Commercially 
available IEEE 
802.11p radio

• Bulky & low output 
power

(PCT published, US 
published)



CMOS + GaN Integrated in a Single Chip 

GaN+CMOS system integration (1/2)

-2.85V

CMOS
Negativ
e Bias



CMOS + GaN Integrated in a Single Chip 

GaN+CMOS system integration (2/2)

EVM: -36.8 dB 
@3.5dBm

EVM: -36.8 dB for 80MHz 256 QAM Std. 802.11ac Signal at  5.4 GHz

CMOS Tx
output



Integrated GaN PA for 802.11ax Application
Sub-6GHz 5G GaN PA: 

2.4-6GHz (Fully Int. 2.1mm x 1.65mm)



Integrated GaN PA for 802.11ax Application
Sub-6GHz 5G GaN PA: 

2.4-6GHz (Fully Int. 2.1mm x 1.65mm)

The network using the proposed 
topology shows three complex poles. 
In contrast, there are two complex 
poles for all other kinds of the 
coupled resonators. 
Intuitively, one more complex pole 
could provide the potential to 
increase bandwidth in the same in-
band ripple level, without the 
reduction of transmission gain. 



 Frequency：2.4GHz-6GHz
 Output power：35.2-36.3dBm
 Efficiency：38-53%
 Gain：30.5-34.7dB

Measured EVM and spectrum using 80-MHz 
256-QAM signalCW performance (Broadband)

PAE and EVM in different power level

Measured CW performance：

Sub-6GHz 5G GaN PA: 
2.4-6GHz (Fully Int. 2.1mm x 1.65mm)



Sub-6GHz 5G GaN PA: 
2.4-6GHz (Fully Int. 2.1mm x 1.65mm)



B. Liu, C. C. Boon, TMTT 2020

Dual-Band (2.4G/5G) Transmitter Design



Integrated GaN PA for 802.11ax Application
RFIC for Wireless Communication 

- CMOS 2.4/5GHz Dual-band PA for Sub-6GHz CA

 VHT80, MCS10 signal at 5.53 
GHz 1024-QAM. 

B. Liu, C. C. Boon, IEEE TMTT 2020 



1. Proposed transmitter can mitigate cross-talk and VCO pulling
2. Proposed transmitter can support inter-band and intra-band carrier aggregation

“Technology Cooperation Excellence Award” by Huawei. This award is for top 10% best 
research completion around the world. 2019.

2 x 2 MIMO RFIC 3-Carrier Aggregation TRX for WiFi-6



Thank you for your time and effort 
to understand our work. 
Web: https://www3.ntu.edu.sg/home/eccboon/

for full list of patents/publications/books


