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Purpose of this Presentation 

• We will present the topic of noise measurements, including cryogenic 
noise measurements, of MMIC and S-MMIC amplifiers, both on-wafer, 
and interfaced to waveguide modules via coupling probes.  

 
• We will also present an overview of the state-of-the-art in waveguide 

probe techniques for packaging amplifier chips, and discuss methods to 
obtain the lowest loss packaging techniques available to date. 

 
• Linearity in noise measurements will be discussed, and experimental 

methods for room temperature and cryogenic noise measurements will 
be presented.  

  
• We will also present a discussion of power amplifier measurements for 

millimeter-wave and submillimeter-wave amplifiers, and the tools and 
hardware needed for this characterization.  
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Outline 

• Tools for On-Wafer Measurements 
• State of the Art in Waveguide Packaging of MMICs 

and S-MMICs. 
• Noise Measurements, On-wafer 
• Noise Measurements, in Waveguide Housing 
• Cryogenic Noise Measurements, Packaged 
• Cryogenic Noise Measurements, On-wafer 
• Power Amplifier Measurements for MMIC and S-

MMICs, On-wafer and in Package 
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Tools for On-Wafer Measurements 

• On wafer Tools for MM-wave and Submm-
wave Measurements 

• Vendors for Wafer Probes 
• Hardware: S-Parameters: VDI heads, OML 

heads 
• Power Meters (VDI (formerly Erickson 

Calorimeter)) 
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On-Wafer Probes 

Several vendors exist for On-Wafer Probes: 
 GGB Industries, Dominion, Cascade Microtech 
 
• Depending on Frequency, probes have real, 

substantial loss (3-6 dB per probe). 
• For VNA measurements, this loss is calibrated out. 
• For on-wafer noise and power measurements, one 

must remove the probe loss from the measurement 
to obtain the DUT parameters.  
 
 
 
 



WMI - X: Monday, June 2, 2014 IMS/ARFTG, Tampa, 1-6 June, 2014 7 

On-Wafer Probes 

 
 
 

http://dmprobes.com/index.html 

Dominion MicroProbes has a selection of waveguide band 
wafer probes up to 1100 GHz 
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On-Wafer Probes 

 
 
 

GGB Industries has a selection of On-wafer full waveguide band 
probes:    ggb.com 

Reference: Fung et al, IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND 
TECHNOLOGY, VOL. 2, NO. 2, MARCH 2012 
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On-Wafer Probes 

 
 
 

Cascade Microtech:  Waveguide probes for up to 500 GHz 
http://cascademicrotech.com/products/probes/rf-microwave/infinity-
probe/waveguide-infinity-probe/waveguide-infinity-probe 

Ref. R. Campbell, Membrane Tip Probes for On-Wafer Measurements in  
the 220 to 325 GHz Band, Int. Symp. Space THz Tech, 2008. 
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VNAs for Submillimeter-THz 
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Vector Network Analyzers 

 
 
 

Virginia Diodes 
http://vadiodes.com/index.php/products/vector-network-analyzer 

These work with Conventional VNAs (Agilent, 
Rohde & Schwarz, e.g.) to extend the 
frequency beyond 50 GHz up to 1.1 THz 
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Vector Network Analyzers 

 
 
 

OML Inc. (Formerly Oleson Microwave Labs) 
http://omlinc.com/ 

These work with Conventional VNAs to 
extend the frequency beyond 50 GHz up to 
500 GHz. Calibration kits available. 
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Waveguide Packaging Techniques 
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Waveguide Packaging 

Y. C. Leong and S. Weinreb, “Full Band 
Waveguide-to-Microstrip Probe 
Transitions,” IEEE MTT-S Int. Microwave 
Symp. Dig., pp. 1435-1438,  June, 1999. 

Why? To couple radiation from a waveguide into a MMIC Chip 

Common Configuration: E-plane Probe 
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Performance 
• For WR10, loss of 

one probe is < 1 dB 
• Full band matching 

is achievable. 
• Thickness of probe 

is critical to 
obtaining wideband, 
high frequency 
waveguide-to-amp 
coupling 

Waveguide Packaging 



WMI - X: Monday, June 2, 2014 IMS/ARFTG, Tampa, 1-6 June, 2014 16 

Waveguide Packaging 

 
 
 

MMIC coupled to Waveguide probe with Wire Bonds 

Wirebonds must be short at high 
frequencies or wirebond loss will 
dominate. 
Ribbon bonds are useful, and wire or 
ribbon has been used successfully up to 
~300 GHz. 
 
Advantages: Inexpensive process 
(rectangular MMIC chip), probe can be 
made of other material with lower loss, 
probe can be smaller width to reduce 
higher order modes from propagating. 
 
Disadvantages:  Wire bond loss and 
associated inductance will start to break 
down the performance above 300 GHz. 

L. Samoska, S. Weinreb, A. Peralta, “A Waveguide Power Amplifier 
Module for 80-150 GHz,” NASA Tech Briefs, May 2006. 
http://www.techbriefs.com/component/content/article/1536 

 

P. P. Huang, R. Lai, R. Grundbacher, and B. Gorospe, “A 20 mW G-
Band Monolithic Driver Amplifier using 0.07mm InP HEMT,” IEEE 
MTT-S Int. Microwave Symp. Dig., June, 2006, pp. 806–809. 
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Waveguide Packaging 

 
 
 

DUT coupled to Waveguide probe with Integrated Probe 
transition 
 a. Rectangular Chip 
  
 
 
 
 
 
  Refs:   
• L. Samoska, W. R. Deal, G. Chattopadhyay, D. Pukala, A. Fung, T. Gaier, M. Soria, V. Radisic, X. Mei, and R. Lai, “A Submillimeter-Wave HEMT 

Amplifier Module with Integrated Waveguide Transitions Operating Above 300 GHz,”  IEEE Trans. Microw. Theory Tech., Vol.56, Issue 6, June 2008, 
pp. 1380-1388. 

• K. Leong, W. R. Deal, V. Radisic, X. B. Mei, J. Uyeda, L. Samoska, A. Fung, T. Gaier, R. Lai, "A 340 GHz integrated CBCPW- to-waveguide 
transition for sub millimeter-wave MMIC packaging," IEEE Microwave and Wireless Compo Lett., vol. 19, no. 6, June 2009, pp. 413-415. 

• W.R. Deal, X.B. Mei, V. Radisic, K. Leong, S. Sarkozy, B. Gorospe, J. Lee, P.H. Liu, W. Yoshida, J. Zhou, M. Lange, J. Uyeda, R. Lai , 
“Demonstration of a 0.48 THz Amplifier Module Using InP HEMT Transistors,” IEEE Microw. Wireless Compon. Lett., Vol. 20, no. 5, May, 2010, pp. 
289-291. 

• P. Kangaslahti, E. Schlecht, and. L. Samoska,  “Differential InP HEMT MMIC Amplifiers Embedded in Waveguides,” NASA Tech Briefs, Aug. 2009.  
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Waveguide Packaging 

 
 
 

DUT coupled to Waveguide probe with Integrated Probe 
transition: 
 a. Rectangular Chip 
  
 
 
 
 
 
  

E-Plane Transition Dipole Transition 
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Waveguide Packaging 

 
 
 

Performance of Integrated Probes  
 
 
 
 
 
  Tunable depending on thickness 

Back-to-Back Probes Back-to-Back Probes 
Insertion loss of 
1-2 dB per probe 
is typical for 
~300-700 GHz 

*There is also wg loss 
which is separate from 
the probe loss. 
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Waveguide Packaging 

 
 
 

a. Integrated Probe, Rectangular Chip 
 
Advantages:  
• Chip and Probe can be integrated on single MMIC/S-

MMIC. 
• One unit, no assembly required. 
 
Disadvantages:  
• Higher loss dielectric substrate must be used for the 

probe transition 
• Chip width is restricted to width of the probe (which 

may limit bandwidth and complexity on-chip) 
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Waveguide Packaging 

 
 
 

DUT coupled to Waveguide probe with Integrated Probe 
transition 
 b. Non-rectangular chip   
 
 
 
 
 
 

Refs:  
• M. Urteaga, M. Seo, J. Hacker, Z. Griffith, A. Young, R. 

Pierson, P. Rowell, A. Skalare, M. J. W. Rodwell, “InP HBT 
Integrated Circuit Technology for Terahertz Frequencies,” 
IEEE CSICS, Oct., 2010, pp. 1-4. 
 

• Axel Tessmann, Arnulf Leuther, Volker Hurm, Ingmar 
Kallfass, Hermann Massler, Michael Kuri, Markus Riessle, 
Martin Zink, Rainer Loesch, Matthias Seelmann-Eggebert, 
Michael Schlechtweg, and Oliver Ambacher, “Metamorphic 
HEMT MMICs and Modules Operating Between 300 and 
500 GHz,” IEEE JOURNAL OF SOLID-STATE CIRCUITS, 
VOL. 46, NO. 10, OCTOBER 2011, pp. 2193-2202. 
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Waveguide Packaging 

 
 
 

b. Integrated probe, Non rectangular chip  
Advantages:  
• Probe width may be much smaller than MMIC/S-MMIC 

chip width, so bandwidth will not be limited. 
• One chip (though delicate) with no assembly 

required. 
 
Disadvantages:  
• Probe material may still be the high dielectric lossy 

semiconductor substrate, so probe loss may still be 
high.  

• May be expensive processing involved (Laser dicing, 
precise etching.) 
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Noise Measurements 
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Noise Measurements 

 
 
 

Principals:  “Y Factor Method” 
• Power available from a black body: P=kBTDf   (One 

measures noise power) 
•   

 
 
 

• Present DUT with known Thot and Tcold thermal loads, 
measure noise power of DUT 

• Solve for Tnoise given known Thot and Tcold thermal loads  
• Frequently, Thot= room temperature, Tcold = LN2 or 77K 
• Other Tload temperatures are possible – in the lab on the 

bench, liquid nitrogen is a convenient “cold  load.” 
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Noise Measurements, On-Wafer 

 
 
 

Ref.:  “Measurement of a 270 GHz Low Noise Amplifier with 7.5 dB Noise Figure," T. Gaier, L. 
Samoska, A. Fung, W.R. Deal, V. Radisic, X.B. Mei, W. Yoshida, P.H. Liu, J. Uyeda, M. 
Barsky, R. Lai, in IEEE Microwave and Wireless Components Letters, Vol. 17, No. 7, July 
2007, pp. 546-548. 

1. Build a Receiver. 
2. Present different temperature loads to the receiver  at the antenna. 
3. Measure power under the different loads. 
4. Calculate the Noise from the Y-factor. 
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Noise Measurements, On-Wafer 

 
 
 

When measuring on-wafer noise of a DUT, noise contribution of the 
lossy wafer probes must be accounted for accurately. Most importantly, 
the input probe loss must be measured or inferred.  

Loss of Wafer 
Probes has noise 
contribution 

Typical On-Wafer Noise Test Set for Submillimeter-wave  
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Noise Measurements, On-Wafer 

 
 
 

How it looks on a probe station: 
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Noise Measurements, On-Wafer 

 
 
 

Another Noise Method: Chopped Amplifier as Noise Source 

• Idea: An Amplifier when biased “ON” with no RF input 
signal generates noise.  

• When Biased “OFF” it generates a different noise 
equivalent to the black body power of a room 
temperature load.  

• If one can calibrate the noise temperature of the 
amplifier in the “ON” state, one can use the amplifier 
as a noise source to produce Thot and Tcold.  

 
Reference: T. Gaier, L. Samoska, C. Oleson, and G. Boll, “On-wafer testing of 
circuits through 220 GHz,” in Proc. Ultrafast Opt. Electron. Conf., Snowmass, 
CO, Apr. 1999, vol. 28, pp. 20–26. 
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Noise Measurements - Packaged 

 
 
 

• Packaged LNA blocks (Waveguide) are convenient for 
noise measurements on the bench. 

• Blocks can easily be cascaded to add gain and 
minimize backend noise contributions.  

• Room temperature and LN2 (77K) loads are very 
convenient.  

• Pitfalls:  Cascading amplifiers with a lot of gain can 
amplify room temperature black-body noise power 
and cause compression in later amplifier stages.  

• Compression (nonlinear response) can distort noise 
measurements. 
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Noise Measurements - Packaged 

 
 
 

Example of Noise Measurements of LNA in a Waveguide 

Horn 

LNA 

LNA 

Mixer Gunn 
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Why Cryogenically Cool LNAs? 

• HEMT-based amplifiers offer a distinct 
advantage in noise and gain properties 
when cooled (more so than HBT devices). 

• Noise may decrease to one tenth of the 
room temperature noise when cooling a 
HEMT LNA from ~300K to 20-30K.  

• Noise contribution of Waveguide Housing 
is also reduced when temperature is 
reduced. 
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Cryogenic Noise Measurements 

 
 
 

Cryogenic Noise of LNA Waveguide Modules 

34 

Typical Test Set 
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Cryogenic Noise Measurements 

 
 
 

Details of Test Set 
 • Two Cold LNAs were inserted in the 

dewar with an isolator between them. 
• WR10 horn and 1 mil mylar window used.  
• Tamb=21.6K 

35 

Gunn 
LO 

20K 

Evacuated Dewar 
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Cryogenic Noise Measurements 

 
 
 

Cryogenic Noise of Packaged DUTs: Typical LNA noise 
is reduced up to a factor of 6-10 between room 
temperature and 20K. 

Room Temperature (300K) Cryogenic Temperature (20K) 
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Cryogenic Noise: On-Wafer 

 
 
 

On-Wafer Cryogenic Noise 
 
• Very useful technique for screening LNAs. 
• Particularly important in astrophysics, earth science 

where cryogens are easily obtained for ground-based 
instrumentation. 

• Probe station designed with a cryogenic vacuum 
dewar and baffle to allow probe manipulation. 

• Vacuum window for observing chip placement. 
• Cryogenic load implemented by changing the 

temperature of a variable temperature load inside the 
dewar. 
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Cryogenic Noise: On-Wafer 

 
 
 

From: Rev. Sci. Instruments 83, D. Russell, 2012 

S parameters 

Noise 



WMI - X: Monday, June 2, 2014 IMS/ARFTG, Tampa, 1-6 June, 2014 39 

Cryogenic Noise: On-Wafer 

 
 
 

K. Cleary, American Astronomical Society Meeting, Jan., 2013. 

• How do you hold chips down in vacuum? 
• How do you calibrate for noise measurements (drift, etc.)? 
• Hundreds of chips can be probed relatively quickly for screening. 



WMI - X: Monday, June 2, 2014 IMS/ARFTG, Tampa, 1-6 June, 2014 40 

Cryogenic Noise Measurements 

 
 
 

Challenges: 
• DUTs will change electronically when cooled. 
• LNAs which are stable at room temperature can 

become unstable at 20K ambient. 
• HEMT transistor parameters (Cgs, gm, etc.) change 

with cooling.  
• This is an advantage in reducing noise, but there is 

always a balance with LNA stability. 
• Characterization and modelling (at cryogenic temps) 

of the transistors used in the design is critical. 
• Choice of load temperature is critical for maintaining 

linearity. With a 300K room temp load, a cooled LNA 
can become compressed.  
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Power Meters for Submm: Tools 

 
 
 

http://vadiodes.com/index.php/products/power-meters-erickson 

Erickson Calorimeter 75 GHz to > 2 THz 
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Power Meters for Submm 

 
 
 

Settling time is important for power measurements. The lower the power, the longer 
time it takes to register the correct reading. Some typical settling times are noted 
below: 

Erickson Calorimeter 
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Power Meters for Submm 

 
 
 

Non-Waveguide absolute power meters, e.g., Alphanov 
http://www.alphanov.com/10-terahertz-imaging-terahertz-power-meter.html 
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Power Measurements, On-Wafer 

 
 
 

From: “InP HBT IC Technology for Terahertz Frequencies: 
Fundamental Oscillators Up to 0.57 THz.” M. Seo, M. Urteaga, 
J. Hacker, A. Young, Z. Griffith, V. Jain, R. Pierson, P. Rowell, A. 
Skalare, A. Peralta, R. Lin, D. Pukala, and M. Rodwell, IEEE J. 
Solid-State Circuits, Vol. 46, Oct., 2011, 2203. 

For low power measurements (~10 mW) 
settling time of power meters can be quite 
long (~ 10 sec).  Power meter drift due to 
thermal conditions, etc., can make 
measurement inaccurate since the drift can 
be as large as the true input power. 
 
One group (Seo, Skalare, Teledyne/JPL 
2011) has devised a modulated test set. 
 
DUTs are switched on/off, while power meter 
readout is averaged.  
Averaging of ~100 cycles was found to give 
reasonable accuracy. 
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Packaged Power Measurements 

 
 
 

From: “Power Amplification at 0.65THz Using InP HEMTs.” V. 
Radisic, K. M. K. H. Leong, X.  Mei, S. Sarkozy, W. Yoshida, W. 
R. Deal, IEEE Trans. MTT,  Vol. 60, Mar., 2012, 724. 

Using integrated waveguide probes described earlier, 
waveguide power-combining can produce 
unprecedented output power at near THz frequencies.  

3 mW @ 
653 GHz 
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Summary 

• We presented hardware, tools, and test sets 
for on-wafer and packaged MMIC/S-MMIC 
noise and power characterization 

• Waveguide packaging/coupling to Amplifier 
Chips 

• Noise measurements (room temp vs. 
cryogenic), on-wafer and in package. 

• Power measurements (on-wafer and in 
package) 
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