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Evolution of Phased Arrays
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λ/2 Element 
Spacing 

1960’s 1970’s 1980’s 1990’s 2000’s 2010’s 2020’s 2030’s

W-band 1.5 mm

V-band 2.5 mm

Ka-band 4 mm

Ku/K-Band 8 mm

X-band 15 mm

C-band 20 mm

S-band 40 mm

L-band 80 mm

UHF 400 mm

Passive
Beamforming

Active Analog
Beamforming

Digital 
Beamforming

AN/FPS-85

HAPDAR

Cobra
Dane

PAVE
PAWS

AN/SPY-1

Patriot
AN/MPQ-65

JSTARS

MIMIC

MAFET

HDMP

ELASTx

DAHI

WBGS-RF

NEXT

TEAM COSMOS

MIDAS

(Pout = 5 W/cm2)

SMART

MFRF

Space Fence

ACT

HEALICs

THz

AEHF

B-1B

F-22 F-35

Enabled by 
COTS & GaN

ASIC development 
with commercial IP

Leverage 
device, circuit 
& packaging 
investments 
to enable new 
architectures  

AN/FPS-85 – en.wikipedia.org/wiki/Eglin_AFB_Site_C-6
Cobra Dane – en.wikipedia.org/wiki/Cobra_Dane

PAVE PAWS – en.wikipedia.org/wiki/PAVE_PAWS
AN/SPY-1 – missilethreat.csis.org/defsys/an-spy-1-radar/
AN/MPQ-65 – en.wikipedia.org/wiki/MIM-104_Patriot
F-35 – www.mwrf.com/systems/radar-systems-make-history

AEHF – www.afspc.af.mil/About-Us/Fact-Sheets/Display/Article/249024/ 
advanced-extremely-high-frequency-system/

B-1B – www.northropgrumman.com/Capabilities/ ANAPQ164Radar/Pages/default.aspx
HAPDAR – commons.wikimedia.org/wiki/ File:HAPDAR_array_installation.jpg
F-22 – fullafterburner.weebly.com/next-gen-weapons/anapg-77-radar-modes
Space Fence – www.globalsecurity.org/space/systems/space-fence.htm
JSTARS – en.wikipedia.org/wiki/Northrop_Grumman_E-8_Joint_STARS



Multi-Beam Digital Arrays at Millimeter Wave
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Dominate the millimeter wave spectrum with wideband digital beamforming

Multi-Beam Networked Communication

• Many simultaneous beams in all directions 
for simplified network discovery

• Wide bandwidth & frequency agility

The Digital Array at Millimeter Wave

Scalable Solution for Multiple Applications

• Line-of-sight tactical communications

• Traditional & emerging LEO SATCOM

2 Core Tech Areas

• Digital RF silicon tile 
at 18-50 GHz 

• Wideband antenna 
& T/R components 

F-35 – www.togethertruax.com/#sthash.P6D5bibB.dpbs
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Atmospheric Attenuation – Choosing the Right Frequency
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Atmospheric Attenuation at mmW Frequencies
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18-50 GHz 70-110 GHz

Atmospheric water dictates 
much of the variation



Choosing a Frequency
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Decreased beam width increases 
communication security & sensor resolution 

Examine the required Tx power to 
close a communication link

Chosen communication parameters – 100 mm diameter aperture, 6 dB NF, 15 dB detection SNR, 1 GHz effective noise bandwidth

10x the frequency, 10x the resolution Highly dependent on range & atmosphere

4” aperture

About the same 
in this example



Ka-band vs W-band

7DISTRIBUTION A. Approved for public release: distribution unlimited.

MIDAS will focus on 18-50 GHz for long-range tactical communications

Chosen communication parameters – 100 mm diameter aperture, 6 dB NF, 15 dB detection SNR, 1 GHz effective noise bandwidth

At short ranges, no impact on link budget At what range is the crossover between 
Ka-band & W-band?

At longer ranges, Ka-band will require less power 

R2 propagation
20 dB/decade

Atmospheric loss 
outweighs aperture gain

For long-ranges, in bad weather, 
near the earth, Ka-band requires less 

transmit power

At short ranges, or at high altitudes 
(above weather), W-band requires 
less transmit power

~3x higher frequency
~10x lower power
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Why Digital Arrays?
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Millimeter Wave Phased Array Options

9DISTRIBUTION A. Approved for public release: distribution unlimited.

Analog Beamforming Digital Beamforming
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Multi-Beam Beamforming Options
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ADCLNA DSP SERDES

Analog vs Digital Comparison
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FLNA

U. Kodak and G. M. Rebeiz, "A 
5G 28-GHz Common-Leg T/R 
Front-End in 45-nm CMOS SOI 
With 3.7-dB NF and -30-dBc 
EVM With 64-QAM/500-MBaud 
Modulation," in IEEE 
Transactions on Microwave 
Theory and Techniques.

• 45nm CMOS

• 24-30 GHz

• 3.7 dB NF

• -7 dBm IIP3

• 54 mW

Move to digital?

C. Wilson and B. Floyd, 
"20–30 GHz mixer-first 
receiver in 45-nm SOI 
CMOS," 2016 IEEE Radio 
Frequency Integrated 
Circuits Symposium.

B. Murmann, "ADC 
Performance Survey 1997-
2018," [Online]. Available: 
http://web.stanford.edu/~
murmann/adcsurvey.html.

100 mW/channel is feasible & beyond 2 beams, digital beamforming will be less power & size

S. Jang, J. Jeong, R. Lu and M. P. Flynn, 
"A 16-Element 4-Beam 1 GHz IF 100 
MHz Bandwidth Interleaved Bit Stream 
Digital Beamformer in 40 nm CMOS," in 
IEEE Journal of Solid-State Circuits, vol. 
53, no. 5, pp. 1302-1312, May 2018.

D. C. Daly, L. C. Fujino and K. C. 
Smith, "Through the Looking Glass -
The 2018 Edition: Trends in Solid-State 
Circuits from the 65th ISSCC," in IEEE 
Solid-State Circuits Magazine, vol. 10, 
no. 1, pp. 30-46, winter 2018.

• 45nm CMOS

• 20-30 GHz

• 10.4 dB NF

• -2.3 dBm IIP3

• 41 mW

• 20 fJ/conv FOM

• <100 x 100 µm2

• 4 GSps

• 8b ENOB

• 20 mW

• 16 elements

• 4 beams 

• 100 MHz

• 68 mW

• 4.3 mW/element

• 32 ch @ 3.2 GHz 

• <200 Gbps

• 1-4 pJ/bit

• <800 mW

• <25 mW/channel
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How big of an array?
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Prime Power Model
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Single Directional Antenna Phased Array

LNA

PA
Tramitter/Receiver

Waveforms, Modem,

Comm/Radar

Processing, etc.

LNA

PA Beamformer

Beamformer

LNA

PA Beamformer

Beamformer

LNA

PA Beamformer

Beamformer

LNA

PA Beamformer

Beamformer

Tramitter/Receiver

Waveforms, Modem,

Comm/Radar

Processing, etc.

𝑃𝑃𝑟𝑖𝑚𝑒 =
𝑃𝑇𝑥
𝜂

𝑃𝑃𝑟𝑖𝑚𝑒 = 𝑁
𝑃𝑇𝑥
𝜂

+ 𝑃𝐵𝑒𝑎𝑚𝑓𝑜𝑟𝑚𝑒𝑟

𝜂 = Amplifier Efficiency

• No penalty in power consumption for a large antenna

• Larger aperture – prime power is reduced

• Higher radiated power – power is dominated by the 
amplifier efficiency

• Larger antenna requires more elements, more 
beamforming and more power consumption

• Larger aperture – power is dominated by beamformer

• Higher radiated power – power is dominated by the 
amplifier efficiency

𝑁 = Number of Elements



Required Power to Close a mmW Comm Link
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Small Aperture
• Large amount of radiated power

• Amplifier efficiency dominates 
prime power

Large Aperture
• Small amount of radiated power

• Transceivers dominates prime 
power 

45% Tx efficiency

100 mW/element transceiver

Decreasing 
PA power

Increasing 
transceiver power

Power amplifier & transceiver efficiency trade-off as array size increases 

28 GHz carrier, 50% RH, 100 km, 4 dB NF, 
15 dB SNR, 100 MHz noise bandwidth
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Program Structure
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Program Structure

16DISTRIBUTION A. Approved for public release: distribution unlimited.

Technical Area 3
Millimeter Wave Array Fundamentals

• Ultra-low power wide-band data converters

• Potential hybrid combinations of mixing & 

sub-sampling transceiver architectures

• Tunable & frequency selective RF front-ends 

• Streaming digital beamforming processing 



TA1/TA2 Performers
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Performer Architecture CMOS
ADC/DAC 

Rate
LO/CLK PA LNA Switch Antenna

Jariet/NGMS
High IF,

image-reject mixer
12LP 12/12 GSps

Off-chip low-freq. master PLL, 
local PLL for every 4 TRXs

Qorvo 90 nm 
GaAs pHEMT

Qorvo 90 nm 
GaAs pHEMT

Qorvo 90 nm 
GaAs pHEMT

3D printed 
Notch

Raytheon SAS
Direct conversion, 

separate Rx/Tx mixer
45nm/22FDX 2x 4/8 GSps

Off-chip 18-50 GHz LO 
distributed at mmW

Teledyne 250nm 
InP HBT

Teledyne 50nm 
InGaAs HEMT

Teledyne 50nm 
InGaAs HEMT

Wideband 
current loop

Jariet
Technologies 

Raytheon Space and 
Airborne Systems 

Northrop Grumman 
Mission Systems 

TA1 TA2 TA1/2



TA3 Performers
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Performer ADC DAC Rx/Filter PA/ANT LO/CLK BIST/CAL

Stanford
Murmann & Arbabian X
U. Southern California
Hashemi & Chen X X X
U. Michigan
Flynn X
Columbia / Oregon State
Krishnaswamy & Natarajan X X
Georgia Tech
Wang

X
Alphacore
Mikkola

X
North Carolina State
Floyd X
Texas Tech
Lie X
UC Berkeley
Niknejad, Nikolic & Alon X X
Purdue
Sen & Weinstein

X
Georgia Tech - YFA
Wang

X
Princeton - YFA
Sengupta

X
UC San Diego - Seedling
Rebeiz

X



MIDAS Summary
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Enable multi-beam coverage of tactical mobile platforms with high-gain antenna beams

10 dB link SNR
RH = 50%, No Fog

50 x 50 mm2 array

12.5 Watt transmit power

62-70 dBm EIRP over the band  

• 18-50 GHz element-level digital 
beamforming

• Low-power, high dynamic range 
mmW transceivers

• 3D packaging of CMOS, 
III-V & antennas

• Scalable tile for large arrays



www.darpa.mil
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Backup
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Millimeter Wave Systems
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F-22 
Intra-Flight 
Data Link 

(IFDL)

F-35 
Multi-function 

Advanced Data 
Link (MADL)

Physical Security Through Narrow Beams

Millimeter wave links provide physical security, but pose networking challenges

Point-to-Point Networking Challenges

Multi-Beam Decreases Discovery Time
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Number of Directional Sectors to Scan

Single-Beam

Multi-Beam

1000x

Legacy
Line Topology 

Single-Beam
Mesh Topology

Multi-Beam
Mesh Topology

10x 10x

• Single beam
• One or two link 

choices per node

• Single beam
• Multiple link 

choices per node

• Multiple beams
• Multiple link 

choices per node

10-100x

Legacy
Line Topology 

Single-Beam
Mesh Topology

Multi-Beam
Mesh Topology

10x 10x

• Single beam
• One or two link 

choices per node

• Single beam
• Multiple link 

choices per node

• Multiple beams
• Multiple link 

choices per nodePassive Beamformer

Active Analog 
Beamformer

IFDL – fullafterburner.weebly.com/aerospace/lockheed-f22-raptor-the-definition-of-stealth
MADL – www.harris.com/sites/default/files/downloads/solutions/f-35-solutions.pdf



MIDAS Metrics
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Metric Phase 1 Phase 2 Phase 3

Frequency of operation 18 – 50 GHz

Element pitch ≤ λ/2 at λhigh (≤ 3 mm)

Polarization Dual Transmit & Receive

Scan performance ≥ ±60° ≥ ±70° ≥ ±70°

Number of elements (2D array) ≥ 16 ≥ 64 ≥ 256

TA2 system noise figure ≤ 7 dB ≤ 4 dB ≤ 4 dB

TA2 radiated power density ≥ 2 mW/mm2 ≥ 5 mW/mm2 ≥ 5 mW/mm2

TA2 target Power Amplifier Efficiency ≥ 35% ≥ 45 % ≥ 45%

TA1 CMOS receiver noise figure ≤ 10 dB -

TA1 CMOS transmitter power density ≥ 0.1 mW/mm -

TA1 CMOS receiver IIP3 ≥ 10 dBm ≥ 15 dBm -

TA1 CMOS transmitter OIP3 ≥ 15 dBm ≥ 20 dBm -

TA1 instantaneous bandwidth ≥ 200 MHz ≥ 2 GHz -

TA1 beam-bandwidth product ≥ 400 MHz ≥ 3.2 GHz -

TA1 CMOS power consumption per channel ≤ 150 mW ≤ 100 mW -

Prove 
Architecture

Scale 
Performance

Scale 
Size

Challenges

• Wideband efficiency

• High dynamic range

• Low power


