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Justification 

The Microwave Applicat ions G r o u p (MAG) at the Georgia Insti tute of Technology, 
h e a d e d by Prof. Laskar, has deve loped the next genera t ion cryogenic on-wafer 
mil l imeter-wave measurement system. Such a system is being used for S-parameter 
characterizat ion to 62.5 GHz. The MMRL will b e g u n designing p ro to type on-wafer 
noise s t ruc tures to in tegrate w i t h an on-wafer noise sys tem to deve lop the first 
microwave on-wafer , cryogenic noise system. 

The cryogenic measurement system developed by Professor Laskar 's g roup will help 
JPL develop small-signal cryogenic device and noise models for the deve lopment of 
ul t ra low-noise receivers. 

In 1976 Liechti and Larrick [4] designed a microwave test fixture that could be immersed 
in l iquid n i t rogen. Similar types of se tups have been used [5-10] to eva lua te HEMT 
per formance from 300 K to 15 K. To da te , it has been difficult to m a k e b road b a n d 
sca t t e r ing (S) -parameter m e a s u r e m e n t s in such a n e n v i r o n m e n t d u e to the l imi ted 
accuracy of the full two-port calibrations. 

The cryogenic mic rowave sys tem in this w o r k uses coplanar w a v e g u i d e p robes in a 
v a c u u m s ta t ion c o u p l e d to a vec tor n e t w o r k a n a l y z e r for s ca t t e r ing p a r a m e t e r 
measu remen t s , a n d a noise meter and noise test set wi th a noise sys tem for microwave 
noise p a r a m e t e r measu remen t s . The mic rowave m e a s u r e m e n t sys tem cur ren t ly u n d e r 
deve lopment incorporates measu remen t tools originally deve loped for the first system in 
1989 [11,12]. The cryogenic p robe m e a s u r e m e n t sys tem conta ins por t s for RF cables, 
t h e r m o m e t e r s , v a c u u m p u m p s , d r y n i t rogen back-fill l ines , co -p lana r p r o b e s w i t h 
manipula tors , and a closed-cycle refrigerator cold head. The probe body rests on a copper 
block a t tached to a fiberglass post . The fiberglass reduces the the rmal load a n d copper 
bra id ing from the cold head thermally anchors the p robe to the 12 K cold station assur ing 
sample tempera tures of 12 to 20 K. The mechanical and thermal stability of the wafer stage 
is es tabl ished by suppor t i ng it on fiberglass pos t s above the cold head and thermal ly 
anchoring it to the cold station wi th flexible copper braids . 

The mos t impor tan t feature of this des ign is the incorporat ion of a closed-cycle hel ium 

refrigeration system. The first successful designs of on-wafer cryogenic systems used open-

cycle cooling to reduce s ta r tup costs and avoid mechanical vibrat ions. However , for long 

t e rm t e m p e r a t u r e stability, a closed-cycle l iquid he l ium source p r o v i d e s the o p t i m u m 

solut ion. Decoupl ing and d a m p i n g of the v ibra t ions from the cold head to the p robe 



station is accomplished wi th a bel lows and vibrat ion mount . This system al lows small-

signal microwave measurements from DC to 40 G H z over a physical t empera ture range of 

16 to 300 K. Since the microwave ha rdware is insulated by v a c u u m there is no frost bui ld­

u p or large thermal gradients , resulting in a system that is accurate, reliable and flexible. 

I I I . Calibrat ion Considerat ions 

Two key elements in performing two-por t microwave measurements are stability of 
e r ro r s t e r m s a n d accuracy, by es tabl ishing a k n o w n electrical reference p l ane . The 
measu remen t accuracy is directly related to the calibration condit ions. Thermal gradients 
across the gold p la ted ceramic probe t ips and coax to coplanar t ransi t ions [13] alter the 
electrical characteristics of the measu remen t lines. The process of cooling the sample in 
the laboratory can also p roduce changes in the calibration. The ne twork analyzer typically 
requires a new calibration if the ambient laboratory t empera tu re varies by greater than ± 
1°C. The proximity of the cooled probe system to the ne twork analyzer can change the 
ambien t env i ronmen t (both t empera tu re and humid i ty ) . The combined results of these 
effects are appreciable errors in cryogenic tempera ture measurements . 

In order to demons t ra te that our system errors are stable, w e performed LRM and 
TRL calibrations an hour apar t at both 19K and 300K. Calibrations at each tempera ture are 
compared us ing a m e t h o d deve loped by NIST [14], which demons t ra t e s repeatabil i ty of 
calibrations. The results, see Figure 1, show comparable calibration repeatability at both 19K 
and 300K. The 19K resul ts compare favorably w i th the best r oom t empera tu r e resul ts 
obtained by NIST [15]. 

In Figure 2, w e demonst ra te the effect of tempera ture u p o n calibration stability. In this 
case, the first calibration is performed at 24K and subsequent calibrations are performed at 
h igher t empera tu res . Since all cal ibrat ions are per formed wi th in one hour , the h igher 
error functions observed in Figure 2 are d u e to the t e m p e r a t u r e var ia t ion wi th in the 
m e a s u r e m e n t chamber and no t drift in the n e t w o r k analyzer . These results emphas ize 
that to achieve repeatable cryogenic S-parameters one must : (1) p rov ide a stable thermal 
env i ronment and (2) perform calibrations at the t empera tu re of interest. 

An accurate cryogenic, two-por t calibration for S-parameter measurements mus t satisfy 
several criteria . At room t e m p e r a t u r e w e can typical ly find that r e tu rn loss in the 
t ransmission thru s tandard should be better than -45 dB and the insertion loss should vary 
within ± 0.1 dB of 0 dB. Next, the calibrated open s tandard is found to be within ± 0.1 dB 
of 0 dB. O u r cryogenic calibrations satisfy these criteria, a qual i tat ive verification can be 
per formed by eva lua t ing addi t iona l representa t ive e lements not used in the cal ibrat ion 
sequence. 
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The s o l u t i o n to m a i n t a i n i n g ca l ib ra t ion in t eg r i ty a n d a c h i e v i n g low s a m p l e 
tempera tures is to thermally anchor the probe body and perform cryogenic calibrations. By 
thermal ly anchor ing the p robe to the cold head at 12 K, the thermal load to the DUT is 
min imized . The remaining mic rowave h a r d w a r e (connectors, cables and inpu t to ANA) 
are thermal ly isolated via v a c u u m and stainless steel ha rdware . The thermal ly anchored 
p r o b e can be cal ibra ted at specific t e m p e r a t u r e s d u r i n g a m e a s u r e m e n t cycle. This 
e l imina tes the p r o b l e m of ca l ibra t ion error and a l lows accura te cor re la t ion of DUT 
tempera tu re and measured characteristics. 

The mos t accurate and repeatable m e thod of measur ing noise pa rame te r s at cryogenic 
t empera tu res is to place the impedance generator wi th in a wave leng th of the DUT input . 
The equivalent noise t empera tu re of the noise source mus t also be comparable to the DUT 
noise t e m p e r a t u r e . This a p p r o a c h w o u l d requ i re d e v e l o p m e n t of a cryogenic noise 
generator and noise source. 

For this initial invest igat ion of on-wafer noise pa ramete r measu remen t s at cryogenic 
tempera tures only the probe t ips are cooled while the impedance state generator and solid 
state noise source (both commercia l ly available) are kept at r oom t e m p e r a t u r e (several 
wave leng ths away from the DUT). In this configuration the input losses in t roduce noise 
comparab le to or greater than the noise of the device u n d e r test (DUT) a n d reduces the 
range of available impedance states. For example, in the frequency range of 2 to 18 G H z for 
cryogenic t empera tu res the w o r s t case noise t empe ra tu r e error is ± 25 K, whi le device 
noise tempera tures are typically u n d e r 10 K. Al though this configuration does not provide 
accura te single frequency noise p a r a m e t e r m e a s u r e m e n t s , it does p r o v i d e for fast and 
efficient b roadband (2- 18 GHz) on-wafer measurements . 

IV. Parameter Extraction Techn iques 

A variety of HEMT st ructures have been investigated to de te rmine the tempera ture 
behavior of both the intrinsic and extrinsic device parameters . The s t ructures investigated 
inc lude: A l G a A s / G a A s HEMT (convent ional ) , A l G a A s / I n G a A s p s e u d o m o r p h i c H E M T 
(PHEMT) and lattice matched InAlAs / InGaAs HEMT (InP HEMT). 

A HEMT parasitic mode l h a s been developed based u p o n the results in [16-19]. This 
mode l accounts for bias dependen t resistances which affect the parasitic resistances (R s , Rg 
a n d Rd) as a function of ga te-source bias w i th Vds=0V. The intr insic a n d extrinsic 
parameters can be extracted us ing the equat ions presented by [16], conventional H o t / C o l d 
FET techniques and the basic mode l in [19]. One major modification has been the removal 
of the deplet ion capacitance cited in [19] result ing in a symmetr ic parasitic model . 
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This H o t / C o l d FET analysis has been applied to several different HEMT structures . 

We demons t r a t e excellent ag reement be tween m e a s u r e d and mode l da ta at cryogenic 

t empera tu re s as s h o w n in Fig. 3. A s u m m a r y of typical resul ts for the convent ional , 

PHEMT and InP HEMT are s h o w n in Table 1. Table 2 shows the resul ts inc luding the 

small-signal mode l e lements for the InP HEMT at var ious t empera tu res . The InP HEMT 

shows the greatest variat ion wi th tempera ture , primari ly due to a higher electron mobility. 

Two of the mos t impor tan t pa ramete r s for extraction are the source resistance, Rs, and 

induc tance , L s . These terms mus t be accurately extracted since they serve as a feedback 

term in device operation. 

V. M e a s u r e m e n t Resul ts 

Scat ter ing p a r a m e t e r s w e r e m e a s u r e d from 1 to 25 G H z , wh i l e no ise p a r a m e t e r 

m e a s u r e m e n t s were a t t empted from 2 to 18 G H z for the same bias and t e m p e r a t u r e 

condit ions. For the exper imental condi t ions all the S-parameters were measured wi th an 

er ror of less than 2% b e t w e e n m e a s u r e d a n d mode l ed da ta . The d e v e l o p m e n t of an 

accurate HEMT device mode l al lows us to predict the behavior of r G p t and Tmin as a 

funct ion of f requency. Based u p o n the direct m e a s u r e m e n t of the c ryogenic noise 

p a r a m e t e r s , cryogenic S-parameters and the room t e m p e r a t u r e device m o d e l w e can 

extract a complete t empera tu re dependen t device model . We directly measu re the noise 

parameters at cryogenic tempera tures and correlate wi th the predicted performance based 

u p o n the mode l p resen ted in [20]. All four noise p a r a m e t e r s could no t be reliably 

m e a s u r e d for the physical t empe ra tu r e and frequency spans of interest . In Fig. 4 w e 

d e m o n s t r a t e the var ia t ion of noise t e m p e r a t u r e s as a function of b ias at c ryogenic 

t empera tures . At cryogenic t empera tu res , however , because of the lossy inpu t and long 

electrical dis tance of the impedance generator from the device inpu t only the m i n i m u m 

noise tempera ture was reliably de termined above 8 GHz. For frequencies above 8 G H z the 

percentage error in the m i n i m u m noise t empera ture was de te rmined to be less than 25%. 

The result ing measurements were then fit to a straight line. The fitting error varied from 

6 to 11 %. Fig. 5 shows a plot of the measured m i n i m u m noise t empera tu re as function of 

percentage dra in to source sa tura t ion current at 18 G H z at two physical t empera tu res , 11 

and 16 K. At these two t empera tu res the rms error in the m i n i m u m noise t empera tu re 

was ± 12 K and ± 6 K, respectively. 

VI. Analysis and Discussion 

The p ioneer ing work of Weinreb and Pospieszalski [21,22] has led to the deve lopment 

of HEMT based LNAs which are the lowest noise t ransis tor circuits p r o d u c e d to da te . 
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These impress ive results have been achieved wi thout the benefit of cryogenic, b road b a n d 
noise measu remen t s . Pospieszalski ' s m e t h o d relies on dc cryogenic measu remen t s (gm 
and rds) / manufac tu re r ' s or measu red room t empera tu re b r o a d b a n d S-parameter da ta 
( r e m a i n i n g c i rcui t e l emen t s ) , a n d a s ing le f requency c ryogen ic , no i se p a r a m e t e r 
m e a s u r e m e n t (Td and Tg) to determine all of the circuit parameters for his empirical noise 
m o d e l . 

For the Pospieszalski noise mode l [20], the measured noise parameters are required to 
de te rmine Td , the equivalent d ra in t empera tu re associated w i th gds/ and the equivalent 
gate t empera ture Tg associated wi th r g S and as an addit ional check on the intrinsic e lement 
values . Pospieszalski [23] found, that for a variety of different HEMT and FET devices Tg 
w a s equal to the ambient t empera tu re for Ids less than 20 m A . Td on the o ther h a n d is 
s t rongly d e p e n d e n t on Ids and wi th in measu remen t error a single function m a y describe 
its dependence for all devices. [At room tempera tu re us ing on-wafer noise and scattering 
pa rame te r s from 4 to 18 G H z Pospieszalski used measu red a n d mode led va lues for the 
intrinsic Ropt and T m i n us ing a least squares fit to arrive at values of Td and Tg.] 

Ideally for low noise device s tudies and circuit mode l ing it is preferable to have bo th 
b roadband measured noise and scattering parameters . Since only the measu red m i n i m u m 
noise t empera tures were obtained, only the predicted and measured noise t empera tu res as 
a function of d ra in cur ren ts (Ids) at 18 G H z for a variety of different t empera tu res are 
compared . The predic ted m i n i m u m noise t empera ture is calculated us ing Pospieszalski 's 
express ion 

T = 
min 

for the m i n i m u m noise tempera ture . The small signal circuit e lements are those extracted 
from the m e a s u r e d s -parameters whi le Tg is the device physical t empera tu re and Td is 
est imated from the results in [23]. 

For single frequency measu remen t s at 18 G H z the wors t case error for the measu red 

m i n i m u m noise t empera tu re is ± 25 K and ± 15 K for the calculated mode l value. That 

there is ag reement wi th the cryogenic resul ts indicates that a closer examinat ion wi th a 

more accurate and reliable me thod of cryogenic noise pa ramete r measu remen t and small-

signal e lement extraction technique is absolutely necessary. Towards this goal w e have 

b e g u n d e v e l o p m e n t of a coolable noise a n d i m p e d a n c e genera tor , in tegra ted w i th the 

cryogenic, microwave probe for b roadband scattering and noise parameter measurements . 
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VII. Conc lus ion 

The feasibility of cryogenic, b roadband on-wafer scat ter ing and noise pa rame te r 
m e a s u r e m e n t s for the systematic invest igat ion of HEMT noise characterist ics has been 
d e m o n s t r a t e d . In add i t i on , an i m p r o v e d p a r a m e t e r ext rac t ion t echn ique has been 
deve loped to h e l p u n d e r s t a n d the re la t ionsh ip b e t w e e n device s t ruc tu re a n d L N A 
per formance . 

Future deve lopmen t of a coolable noise and impedance generator , integrated wi th the 
cryogenic, mic rowave p robe will be capable of performing b roadband scattering and noise 
pa ramete r measu remen t s . The deve lopmen t of a cryogenic p robe t ip in tegrated w i th a 
cryogenic noise and impedance generator capable of per forming bo th scattering and noise 
p a r a m e t e r m e a s u r e m e n t s wil l c i r c u m v e n t the l im i t a t i ons p o s e d b y the c u r r e n t 
characterization techniques. An integrated probe will enhance the fundamenta l s tudy of 
noise sources in solid state technology and lead to improved cost and performance benefits 
for HEMT cryogenic technology. 
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Figure Cap t ions (figures have been sent to Dr. Bautista seperately) 

Fig. 1 Relative error be tween t w o successive S-Parameter m e a s u r e m e n t s collected at 1 
hou r intervals at 300K and 19K. 

Fig. 2 Effect of sample t empera tu re var ia t ion on wors t case vector error us ing a two-t ier 
LRM cal ibra t ions . The first ca l ib ra t ion is p e r f o r m e d at 24K a n d s u b s e q u e n t 
calibrations are performed at h igher tempera tures . 

Fig. 3 D e m o n s t r a t i o n of ag reemen t b e t w e e n m e a s u r e d and m o d e l e d S-parameters at 
cryogenic tempera tures . The extracted paramete rs were obtained via measu remen t 
and not circuit opt imizat ion techniques. 

Fig. 4 Compar ison of S 2 1 for a PHEMT (2-25 GHz) at 16 and 300K, see Table 1. 

Fig. 5 Measured noise t empera ture at 18 G H z and several tempera tures . 
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The following goals have been the focus of the past year:. 

1. Improve the measurement accuracy of the noise and scattering parameters at 
cryogenic t empera tu res 

2. Au tomate the small signal circuit extraction technique 

3. Characterize 15 TRW InP wafer pieces supplied by JPL 

Noise Paramete rs 

Develop MMIC structures for accurate noise characterization. Develop Methods for 
the extraction of noise parameters for the above structures Improve and Iterate on 
Above designs First and Second Pass Cryo measurements of Noise us ing both the 
ATN h a r d w a r e as well as cus tom TRW structures. 

S-Parameters 

S-parameter and Noise Figure Measurements on MMICs (initially s tandard PHEMT 
MMICs and eventual ly TRW MMICs as available) at cryogenic t empera tu res . 
Con t inue to develop more accurate small-signal equivalent circuit extraction 
m e t h o d s . 

S u m m a r y of Results 
On-wafer Noise Parameter measurements on InGaAs 

channel HEMTs at Cryogenic Temperatures 

M.R. Murti 1, S. Yoo1, J. Laskar1, J. Shell2, J. J. Bautista2, R. Lai3 

1. Microelectronics research Center and School of ECE 
Georgia Institute of Technology, Atlanta, GA 30332 

2. Jet Propulsion Laboratory 
California Institute of Technology Pasadena, CA 91109 

3. TRW, Redondo Beach, CA 90278 

Abstract: Results of cryogenic on-wafer noise-parameter measurements are presented for the first 
time on In0.gGao.2As channel High Electron Mobility Transistors (HEMTs) grown on InP. The 
Noise resistance (RJ and optimum reflection coefficient for minimum noise ( o p l) are obtained 
applying Modified-Lane's algorithm directly to the experimental data. A procedure is 
developed to extract the minimum noise temperature, T ^ from the measured R„ o p t and utilizing 
the Pospieszalski Noise model. Good agreement between the measured and extracted values of 

http://In0.gGao.2As


T,™ is obtained at room temperature. At cryogenic temperatures the extracted shows 
excellent agreement with that obtained on a low-noise amplifier built using this HEMT. 

In t roduc t ion 

Current advances in Indium Phosphide HEMT technology have resulted in amplifiers of 
ultra-low noise spanning well into the rrullimeter wave regime and operated at cryogenic 
temperatures [1]. Owing to the extremely small noise figure minima of these devices, it has 
become customary to test the amplifiers in their final form at cryogenic temperatures and infer 
what the noise performance of the discrete transistor would be, rather than resorting direcdy to 
on-wafer cryogenic characterization. The two impediments for on-wafer cryogenic noise 
performance characterization of discrete transistors up till now have been i) the accuracy 
limitations of the experimental system itself arising because of the ultra-low noise figures under 
investigation and ii) the inability of the noise parameter extraction algorithms in handling small 
noise-figures. A comparison of the algorithms commonly in use has demonstrated that the 
accuracy of the extracted noise figure minimum (F^) can be between 0.1-0.3 dB [2], whereas the 
F,™ of an InP HEMT at 10 GHz and at a physical temperature of 20K is expected to be as 
small as 0.05 dB. However the accuracy of the values of the noise resistance (RJ and the 
optimum reflection coefficient for mirtimum noise (o p t) is acceptable. 

In this paper we investigate this problem and come up with an accurate determination of 
Tmi,, at cryogenic temperatures. We utilize the values of B^, o p t and the small-signal model 
(derived from on-wafer S-parameters) in conjunction with the Pospieszalski model [3] to 
determine T ^ . The originality of the paper stems from: 

• being the first successful on-wafer cryogenic noise parameter measurement in the 
microwave regime. 

• an accurate determination of on-wafer T ^ of transistors at cryogenic temperatures 
which until now has been found to be experimentally intractable. 

• and an excellent agreement of the cryogenic on-wafer with that measured on a 
Low-Noise-Amplifier. 

Exper imental , Resul ts and Discuss ion 

The samples are HEMTs, MBE-grown on InP substrates. The channel material is InGaAs 
with an 80% InAs mole fraction. The devices are processed by e-beam lithography to have a 

gate length of 0.1 m and a gate width of 40 m. The devices are mounted in a cryogenic chamber 
cooled by a closed-cycle Helium Refrigerator and are probed by coplanar ground-signal-gi\jund 

microwave probes. An HP 8510C vector network analyzer, a Noise Figure Meter, Noise-test set 

and ATN's NP5 module constitute the experimental set-up to measure Noise figure as a 

function of input impedance in the frequency range 2-26 GHz. 

file:///jund


Fig 1 shows the dc extrinsic transconductance of the device at a V d s of 0.75 V and at 
290K and 27K. It can be seen that the peak transconductance increases only marginally at lower 
temperatures and the peak occurs almost at the same V p . 
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Figl The dc extrinsic transconductance of the device at 27K and 290K 
Fig 2 shows the noise conductance at the two temperatures of measurement from 10-26 

GHz. The magnitude and phase of o p t are shown in Fig 3. The measurements are done at a V d s of 

0.75V and an I d s of about 7mA, which was found to be the optimal bias for low noise. Due to 

the accuracy limitations discussed above, we restrict the data analysis to frequencies above 10 

GHz. 
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Fig 2 Noise conductance of the device at 27 K and 290 K 
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minimum noise of the device at 27 K and 290 K 



The flowchart in Fig 4 describes the procedure adopted for the determination of the T,^. 
First, an accurate small-signal model is obtained from the measured S-parameter data of the 
device based on the method described by Shirakawa et.al. [4]. The measured noise parameters 
FNUN, R „ , OP, are converted to T^g, , , Z O P T . The drain equivalent temperature, T d is calculated from 
the following equation [3], 

where / is the frequency of measurement, /, is the cut-off frequency obtained from the S-

parameter data, g d s is the drain-source conductance and T0=290K. 
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Fig 4 Flowchart of the procedure used in the extraction of Tmin from the measured 

data 



At room temperature T d is obtained to be 9,000 K ± 750 K while at 27 K T d is 3,750K ± 
750K. Finally, T,^ is calculated from the following relation [3], 

T m i n = 2 — J ^ d s ^ d ̂ gsFg 

where r p is the gate-source resistance and T g is the gate equivalent temperature which is 
assumed to be the ambient temperature- a reasonable assumption based on the results obtained 
by Pospieszalski [3]. 

Fig 5 compares the T,^ measured and extracted as per the procedure described 
above. The deviation below 15 GHz is due to the accuracy limitations of the extraction of R„ 
and I o p t I at lower frequencies [2]. 

10 1 5 20 

Frequency (GHz) 
25 30 

Fig 5 Comparison of the Tmin measured and Tmin extracted using the procedure shown 
in figure 4 at room temperature 



Fig 6 shows the T,^ extracted at 290 K and 27 K. It indicates that shows nearly a 

ten fold decrease by cryogenic operation. Hybrid low-noise amplifiers built out of these devices 

showed a of 10 K at a physical temperature of 16 K [5] validating the results presented 

here. 

Fig6 Tmin for 27KQ and 290K () on the discrete HEMT 
and Noise Figure measured on a hybrid Low Noise Amplifier ( ) 

Conclus ions 

On-Wafer cryogenic noise performance of InP -based HEMTs is presented for the first 
time. The procedure uses Modified-Lane algorithm to extract the noise resistance and optimum 
reflection coefficient for minimum noise of the device from experimental data. A procedure is 
developed to determine T,^ from the measured R,, and o p , and using Pospieszalski Noise model. 
Excellent agreement is obtained with the obtained on a hybrid low-noise amplifier at 
cryogenic temperatures. 
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Abst rac t - The first cryogenic on-wafer S-parameters and noise parameters of a GaAs-

based PHEMT and the noise figure of an MMIC LNA are presented. An accurate 

small signal equivalent circuit is de termined and the equivalent noise tempera ture 

of the dra in T d is est imated using Pospieszalski 's model [7]. Experimental data 

shows that the F ^ decreases from 1.4 dB to 0.3 dB at 20 GHz as the device is cooled 

to a physical t empera ture of 27 K. The noise figure of an MMIC LNA is ~ 2 dB over 

the frequency range 5 - 1 5 GHz at 300K and decreases to ~ 0.5 dB at 27K. On-wafer 

discrete device and MMIC LNA behavior is correlated experimentally. 

I. Introduction 

In recent years , p seudomorph ic high electron mobility transistors (PHEMT s) 

have demons t ra ted excellent high-frequency and low-noise performance and 

therefore have been utilized widely for low noise amplifier (LNA) designs. Yang et 

al. measured a w ideband InGaAs MMIC LNA in a test fixture and demonst ra ted that 

gain and noise improvements at reduced tempera ture [1]. Similar results were 

reported on other MMICs measured in test fixtures [2]-[3]. Since such evaluations 

a lways suffer from artifacts d u e to the test fixtures and cryogenic operat ions, on-

wafer measuremen t s are preferable. In this paper w e present the first on-wafer 

cryogenic noise measurements on a GaAs-based PHEMT and an MMIC LNA. 

Measurements at room and cryogenic temperatures are analyzed. In addit ion, w e 



develop a cryogenic small signal model and determine the dra in tempera ture , T d , 

using Pospieszalski 's model [7]. 

II. Measurement and Results 

The S-parameters (0.1 to 50 GHz) and noise parameters (2 to 26 GHz) of a 6x30 

urn gate w i d t h PHEMT were measured using an HP8510C automatic ne twork 

analyzer (ANA) and A T N noise measurement system coupled to an on-wafer 

cryogenic p robe station. It can be seen from Fig. 1 that the peak g m at V d s =2V 

improves by 120 m S / m m as the device is cooled d o w n to 27 K. We also found that 

both f, and f^ increased by ~ 20 GHz (bias V d s =2V and V g s=-0.7V) at 27 K. The 

intrinsic values of small signal equivalent circuit (SSEC) are obtained by utilizing 

the me thod der ived by Shirakawa et al. [4]. Extrinsic parameters are obtained from 

the S-parameters of the pinch-off FET by the method described by Yanagawa et al. [6]. 

Table 1 lists these parameters at 300 K and 27 K for =2V and V g s =-0.7V. 

Fig. 2. (a) and (b) shows the measured values of r o p t and normal ized at 

room and cryogenic tempera tures . This t rend of Rn is comparable to that obtained 

by A n d o et al. [8]. T d is determined from the following equation. [7] us ing the 

measured and r o p t . T d is shown in Fig. 3(a). 

The experimental va lues of 4 N T 0 / T m i n lie be tween 1.66 and 1.95 in the frequency 

range 5 to 20 GHz , implying that Eqn (1) is applicable to the present case at room 

tempera ture . The values at the cryogenic tempera ture lie be tween 1.01 to 1.85 in 

same frequency range. F ^ shown in Fig. 3(b) is obtained by the following equation 

[7]-
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T m i n 5 3 2 ^ g d < T d ^ g (2) 

whe re r^ and g d s are de termined from the extracted SSEC. It is in good agreement 

wi th in exper imental error as demonst ra ted in Fig. 3(b) at room tempera ture . 

The circuit schematic of the MMIC two stage LNA is shown in Fig. 4. The 

noise figure of the MMIC measured using a 50-Q terminat ion and the corresponding 

gain at 300 K a n d 27 K are s h o w n in Fig. 5. This figure shows that the gain increases 

~ 2 dB and noise figure decreases by ~ 0.5 dB at 27 K over the frequency range 5-15 

GHz. At 300 K, w e measured an F ^ of 0.6 dB for the discrete device and a noise 

figure of 0.65 d B / s t a g e for the MMIC at 8 GHz, indicating an excellent correlation. 

However , at 27 K w e measured an F ^ of 0.18 dB for the discrete device and a noise 

figure of 0.5 d B / s t a g e for the MMIC LNA at 8 GHz. This result suggests that much 

lower noise figures of MMIC LNA can be obtained at cryogenic tempera tures by 

redesigning the matching circuitry of the LNA. In addit ion, t rans impedance 

amplifier design used here is more sensitive to temperature than a feedback LNA 

design [1]. 

III. Conclusion 

Cryogenic on-wafer noise measurements on a PHEMT and an MMIC LNA are 

presented for the first t ime. An accurate small signal model is developed and, in 

conjunction w i th the measu red R„ and r o p t , the values of the equivalent noise 

t empera ture of the drain, T d , are determined. The behavior of F ^ , r o p t and are 

experimental ly de te rmined as a function of tempera ture and frequency. 

Measurements on an MMIC LNA indicate that the noise figure decreases at 

cryogenic tempera tures . A n excellent correlation was found at room tempera tures 

be tween the discrete device and MMIC. However our results at cryogenic 

tempera tures suggest that the LNA should be redesigned to improve cryogenic noise 
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performance. This investigation also demonstra tes that w e can correlate on-wafer 

discrete device and MMIC LNA behavior experimentally. 
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T=300K T=27K 

Rg (ft) 0.855 0.178 

Rd (Q) 2.349 6.206 

Rs(Q) 2.2 2.086 
Lg ( P H ) 23.17 39.16 
Ld (pH) 28.8 45.67 
Ls (pH) 0.0 1.331 
Cpg (fF) 32.06 21.48 
Cpd (fF) 0.386 22.03 

Table l.(a) Parasitic Elements of a 6x30 n m gate wid th PHEMT 

T=300K T=27K 
Cgs (fF) 150 152 
Cds (fF) 63.2 45.5 
Cgd (fF) 39 34 
Ri (Q) 4.65 6.92 

Rds (G) 206.0 117.8 
g m (mS) 71.1 107.2 

T(ps) 1.147 0.032 

Table l.(b) Intrinsic Elements of a 6x30 um gate wid th PHEMT at Vds =2V & Vgs = 
0.7V 



Fig. 1. Transconductance and drain current of a 6x30 urn gate wid th PHEMT at T 
=300K and T 

=27K (V* =2V). 



3X)K + + + 27K 

Fig. 2.(a) Measured and Smooth r o p t of a 6x30 um gate wid th PHEMT (V d s =2V and 
V e s =0.7V) at T =300K and T =27K 
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Fig. 2.(b) Measured normal ized R„ of a 6x30 u m gate wid th PHEMT (V d s =2V and 



V g s =-0.7V) at T =300K and T =27K 
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Fig. 3.(a) Drain temperature(T d ) of a 6x30 urn gate wid th PHEMT (V^ =2V & V 
0.7V) 

at T =300K and T =27K. 
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Fig. 4. Circuit schematic of a dualstage PHEMT LNA 


