
 Arrays must often be tested and calibrated to achieve
optimized antenna pattern response (sidelobes and nulls).

 Our team introduced Code-Modulated Embedded Test
(CoMET) which allows CDMA-based test and calibration of
arrays using simple codes and square-law power detectors.

Prof. Brian Floyd, Sandeep Hari, Tiantong Ren, Vikas Chauhan, Avinash Bhat, Yi-Shin Yeh, and Charley Wilson
: iNtegrated Circuits and Systems Lab @ NC STATE
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PLATFORM Benefits and Constraints

Architecture

Ongoing Work Toward Full Platform Demonstrations

Extendable Architecture for Phased ArraysResearch Objectives

EPIC Hardware Demonstrations: CORE and EXTENDERS

60GHz Beamforming EXTENDER [3]

Transceiver CORE
• CORE must serve as the

IF stage in any phased-
array system.

• Commercial CORE IP not
(yet) available.

• We developed three
blocks of the CORE in
45nm SOI CMOS.

• Still investigating
mechanism for IP re-
use for community.

[1] V. Chauhan and B. Floyd, “A 24-44GHz UWB LNA for 5G cellular frequency bands,” IEEE Global Symp. Millimeter-Waves, May 2018.
[2] Y.-S. Yeh, E. Balboni, and B. Floyd, “A 28-GHz phased-array transceiver with series-fed dual-vector distributed beamforming,” IEEE RF Integrated Circuits Symp. Dig. Papers, June 2017, pp. 65-68.
[3] K. Greene, V. Chauhan, and B. Floyd, “Built-in-test of phased arrays using code-modulated inter-ferometry,” IEEE Trans. Microw. Theory Tech., vol. 66, no. 5, pp. 2463-2479, May 2018.

28GHz Beamforming EXTENDER [2]

Example Usage Cases

EPIC Frequency Plan

Conclusions

 NC State’s EPIC architecture is a standardized,
modular system which supports creation of scalable
phased arrays from 10 to >100 GHz.

 This architecture, if adopted by IC researchers, could
enable IP sharing and re-use across projects.

 This architecture could be employed to create scalable
array testbeds for 5G and beyond.

 We are currently investigating all pieces of the EPIC
platform, including transceiver core, beamformers,
antennas & packages, and self-test and calibration.

1. mmWave opportunity is vast and rapidly evolving.
2. Existing HW solutions are fully customized. Modularity and

scalability (in freq. & element count) are not universal.
• e.g., compare IBM, NC State, Anokiwave, & Broadcomm
• Each new array often requires a complete redesign.

3. mmWave IP re-use is neither standardized nor incentivized.
4. Academic HW researchers often need additional circuit

infrastructure to fully assess their work. Academic comms.
researchers need access to modular systems & testbeds.

5. UNIVERSAL, MODULAR, UPGRADEABLE, COMPLIANT
phased-array architecture, IP, & standards are needed.

NC State Approach: Extendable phased-array Platform ICs (EPIC)

Broadcomm 60GHz Array 
(ISSCC 2014)

We are investigating PLATFORM architectures for phased arrays which support 
• Diverse array architectures
• Diverse beamformer technologies (III-V, silicon…)
• Wide range of carrier frequencies (10-300GHz)

Key elements of our EPIC PLATFORM include:
• CORE: 10-30 GHz direct conversion transceiver
• EXTENDER: sub-array beamforming prototypes
• INTERFACES: scalable packaging & antennas
• CALIBRATION: built-in self-test

IBM 28GHz Array 
(ISSCC 2017)

NCSU 28GHz Array (RFIC 2017)
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NC State 28GHz 
Array (RFIC 2017)

Anokiwave 
Scalable Arrays
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10-30 GHz

Any frequency (10-300 GHz)
Any technology

NP-element Phased Array

RF: 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170
X 0 IF=RF 10 20 30
X 1 IF 10 15 20 25 30
X 2 IF 10 13.3 16.7 20 23.3 26.7 30
X 4 IF 10 12 14 16 18 20 22 24 26 28 30
X 8 IF 10 11.1 12.2 13.3 14.4 15.6 16.7 17.8 18.9

RF 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170
N 0 IMG NA NA
N 1 IMG 0 0 0 0 0
N 2 IMG 10 13.3 16.7 20 23.3 26.7 30
N 4 IMG 30 36 42 48 54 60 66 72 78 84 90
N 8 IMG 70 78 86 93 101 109 117 124 132

IF vs. RF vs. Multiplication Ratio

Image vs. RF vs. Multiplication Ratio

X = Multiplication 
Ratio on EXTENDER

For X=2, LO=40GHz, IF=20GHz, and IMG=20GHz
For X=4, LO=48GHz, IF=12GHz, and IMG=36GHz

Example: RF=60 GHz 
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10-30 GHz arrays:
• Direct conversion.
• Beamforming

EXTENDERS at same
frequency as CORE.

• Single or multiple
beam support

>30 GHz arrays:
• Sliding-IF superhet.

with CORE providing IF.
• EXTENDERS include

frequency conversion.
• CORE functions as IF.
• Single or multiple

beam support.

Example 28-GHz Tx/Rx Array

Example 150-GHz Tx Array
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Mixer-1st RX Measurements

Freq. Range 5-31 GHz

Bandwidth <0.9 GHz @ RF

LNA Measurements [1]
Freq 20-44 GHz
Gain ~20 dB
NF 4-5.5 dB
iP1dB >-19 dBm

Transceiver CORE Block Diagram

20-33 GHz Transmitter
TX Simulations

Freq. Range 20-33 GHz

Bandwidth >3 GHz @ RF

Receiver:
 Widest frequency

range to date for
N-path circuit.
 Freq.-selective

gain, tunable S11.

Transmitter:
 Wideband and

high output power.
 HW is currently

being measured.
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Dual-vector distributed beamforming architecture 
enables extremely compact footprint and high 

performance

EPIC PLATFORM

mm-wave Packaging

Transceiver 
CORE

(10-30 GHz)

Beamforming 
EXTENDERS
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(10-300 GHz)
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Data
Converters
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Built-In Test & Calibration

JAZZ 0.13um SBC18H3 
technology

52mW / element
Gain ~ 14.5 dB

NF ~ 6 dB

6-bit resolution
RMS Gain <0.4dB
RMS Phase <2.5o

Measured Gain vs. State

Measured Phase vs. State

Planned System Demonstrations

 28GHz Tx/Rx array using
four-element EXTENDER
and EPIC CORE (TX+RX).

 80GHz Tx using
single-element EXTENDER
and EPIC CORE (TX).

Standardized Packaging and Antennas
 NC State team working to establish unified, modular,

scalable packaging flows and antenna interfaces
(collaboration with Profs. Jacob Adams, Dong Kam).

 Preliminary work on reconfigurable antenna “lids”. Also,
NCSU has work on 3D printed waveguides (Ricketts).

 Pursuing partners and alternatives in this space.

Built-In Test and Calibration of Phased Arrays [3]
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 CORE IP and associated software and algorithms
are re-useable and shareable.

 Modular arrays can easily be upgraded to incorporate
new HW, different carrier frequencies, or more elements.

 EXTENDERS above 30GHz require frequency translation.
 Direct conversion not supported above 30GHz.
 Multi-beam requires multi-element COREs.
 Ideally suited for analog beamforming (digital still

possible, but need one CORE + one EXTENDER per ant.).
 Limits bandwidth to that of the CORE.
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Packaged Chip with Antenna “Lid” Example System Integration

CoMET-Extracted Gain and Phase for 60GHz Phased Array 

Four-element RX array with Built-In Self-Test
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