
����������	
���
��
1

School of Electrical and Computer Engineering
85 5th St. NE, TSRB, Georgia Institute of Technology

Atlanta, GA 30308 USA

comeau.jon@ieee.org

����������	�
����
�	��������
����	�������������

Jonathan P. Comeau , Matt A. Morton, Wei-Min Lance Kuo ,                 
Tushar Thrivikraman, Joel M. Andrews, Curtis Grens, John D. Cressler, 

John Papapolymerou, and Mark Mitchell



����������	
���
��
2

�
�����

� �
		������������������

� �����������
�	���������	�����	

� ��������������
������������������	�
���

�  !�����
�����	
�	�����

� �	������� �����"�

� ����	�
�������
�	��������� ��#����"���

� ��������
�����	��������

� ����	������� �����"���

� �
���	�



����������	
���
��

oR

3

����	�������
RAdio Detection And Ranging

Phased Array System Active Electronically Steered Array
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� Theatre High Altitude Defense (THAAD) Radar System

- ballistic missile system 
- air transportable
- phased array antenna
- more than 20,000 T/R modules (AESA)

25,000 high 
power multi-
chip modules

1 MW diesel 
generator

liquid/air 
heat 

exchanger

Courtesy of M. Mitchell

THAAD Radar
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� “Drop-In” Replacement for Current T/R Module

- dual polarization capability on receive
- on-chip limiter protection for LNA’s
- medium power Tx amplifier ( ~ 20 dBm) to drive 1W PA
- 5-bit digital phase shifter
- serial-to-parallel interface for digital control

Leverages SiGe BiCMOS RF Performance and Integration Capabilities
without Drastically Changing Overall System
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• Cascode LNA Design

- cascode with inductive degeneration
- design targets high IIP3 and low NF 
- Gain ~ 19 dB, NF ~ 1.36 dB
- IIP3 = 0.8 dBm,  Pdc = 15 mW

���2��4
����!��	����5�*�9:(	*6�$�)� ������!&���8;�63 ���	*�*�� ����,
���������*���!&�%��&	 �6�	��	0
!�	* ��!
��%��1���	6	����6
�� �7 ��������� ������<�=:������
*�����;�

Area = 730 x 720 µm 2
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• SPDT Designs

- typically implemented with series-shunt nMOS topology

- high-substrate impedance or triple well nFETs yield best

high-frequency performance in most CMOS technologies

- insertion loss of ~ 1.5 dB possible for X-Band operation

J. P. Comeau, et al., “Design and layout techniques for the optimization of nMOS SPDT series-shunt switches in a 130 nm SiGe
BiCMOS technology,” IEEE RFIC. Dig., Jun. 2007, pp. 457–460.

Q. Li and Y.P. Zhang, IEEE Journal of Solid-State Circuits, vol. 42, no. 3, pp. 563 - 570, March. 2007.

0.93 X 0.85 mm2

(0.48 X 0.60 mm2 w/out pads)
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• Medium Power Amp
- cascode with HB and HS HBT’s
- leverage dc breakdown dependence
- Gain ~ 41 dB, PSat = 21 dBm,  
- PAE = 26 %, Size = 1.2 x 1.1 mm2

• High Power Amp
- utilizes off-chip power combining
- Gain ~ 11 dB, PAE ~ 18%
- PSat = 29 dBm, Size = 1.5 x 3.0 mm2

F = 9.5 GHz
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• Hi-Pass / Low-Pass Phase Shifter Design

- high-pass / low-pass filters based on lumped elements

- design enables wide-bandwidth, high-linearity, and low-power

#��'��)	�1����53��	6:(	*6�6��6���&	 �� &��!�� �7 ��������� ��1��������*���������8�<:8�8��2	0������
2��2��!�*���!�	����5���:(�!�� ���%�*:(	 �6��9:(	*6� �&	 �� &��!���
 �*,�	�&0(��6���
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5-Bit MOS Shifter
- freq of op: 8 – 12 GHz

- IL ~ 21 dB

- < 1 � W Pdiss

- IIP3 > 20 dBm

- absolute phase error < 13 °
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Rx Design

VCC =  2.5 V

VDD = 1.2 V

PDC = 33 mW

3.5 x 3.8 mm2

5 – Bits of � Control

LNA Select Capability

Additional LNA in 
Phase Shifter 

after 3rd Bit

T/R Module Capability

�������	
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• Gain and Return Loss for TR module in Rx mode

- peak gain of 10.9 dB to 12.1 dB at 9 GHz over all 32 states
- worst case 3-dB cut-off frequency of 10.7 GHz
- return loss > 8.2 dB over all of X-Band
- Pdc = 33 mW in receive mode
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• Phase Error for 5-bit module in RX mode

- 32 distinct phase states from 0 to 360 degrees over all of X-Band
- 1.2V digital control of phase states
- 15 degrees of absolute phase error over band
- less than 9 degrees of rms phase error
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• Linearity & NF Performance

- IIP3 = -13 dBm at 9.5 GHz, IP1dB = -23 dBm at 9.5 GHz
- flat noise figure response from 8.0 – 11.0 GHz
- average noise figure of 4.1 dB from 8.0 – 10.7 GHz
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• Comparison To Previously Published Work
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[1]  K.-J. Koh and G. M. Rebeiz, IEEE Journal of Solid-State Circuits, vol 43, no. 6, pp. 1360 – 1371, June 2008
[2]   F. E. van Vliet and A. de Boer, IEEE MTT-S Microwave Symposium Digest, vol 3, pp. 1753 – 1756, June 2004.
[3]   T. M. Hancock and G. M. Reveiz, IEEE Transactions on Microwave Theory and Techniques, vol. 53, no. 3, pp. 977 - 983, March 2005.
[4]   N. Billstrom, et al., Proceedings of the 34th European Microwave Conference, pp. 1029 - 1032, October 2004.   

Excellent Combination of Gain, Noise, Linearity, Ph ase Resolution,
Bandwidth and Power Dissipation ! 

NR = Not Reported
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• Target Custom QFN Package Solution for SiGe T/R

- QFN provides small size, low-cost solution
- use of double wirebonds on RF
- minimize signal coupling with GSG style lead frame
- incorporate numerous board vias for good RF ground

&0���F0%������

Advanced Interconnect Technologies, Inc.



����������	
���
��
18

����	������� �����"���
• Phase Shifter Location

- RF vs LO phase shifting
- Dynamic Range / Spatial Filtering / Harmonic Rejection

• Phase Shifter Implementation
- active vs passive phase shifter?
- incorporation of a phase rotator?
- size, loss, noise and linearity

[1]  H. Wang and A. Hajimiri, “A wideband CMOS linear digital phase rotator,” IEEE Custom Integrated Circuits Conference, pp. 671 - 674, Sept. 2007
[2]  J. Sanggeun, et al., “A scalable 6-to-18 GHz concurrent dual-band quad-beam phased-array receiver in CMOS” IEEE Journal of Solid State 
Circuits, vol 43, pp. 2660 – 2673, December  2008.

RF Phase Shifting LO Phase Shifting
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• Si/SiGe Excellent Candidate for X-Band Radar Systems

• Several Key Functions Can be Replaced with Si Solut ion

- LNA, Phase Shifter, Switches, Power Amplifier

- VGA, Frequency Conversion, Digital Control

• Initial Si-Based T/R Module has been Demonstrated

- Rx NF / IIP3 / Size ( 4.1 dB / -13 dBm /  13.3 mm
2
) 

- Rx # of Bits / Phase Resolution ( 5 bits / 9° rms phase error )

• Additional Work

- LO vs RF phase shifting

- frequency conversion, system calibration, additional signal processing

- signal routing, aperture spacing, environmental robustness / survivability


