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Abstract

Noise figure measurement accuracy is determined by the precison of the test source
impedance, the DUT S-Parameter and the overdl system cdlibration. A new measurement
setup, based on the * Cold-Noise' technique is presented which alows for in-situ recalibration of
the noise figure meter without removing the DUT. Therefore, measurement errors due to drift in
the recaiver chain ( LNA, mixer, filter and noise figure meter ) can be diminated.

Introduction
The two mostly used techniques for noise figure measurements include:

the standard technique[ 1]; a noise source, connected to the input of the DUT isset to its
‘cold’ (Tc) and *hot’ (Ty) State, the respective noise power outputs are measured and used
to caculae the noise figure of the DUT [1]. Thistechnique is mostly used to measure the
noise figure in a50 Ohm system. By insarting a tuner in between the noise source and the
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Figure 1: Noise Figure Measurement Setup

DUT, noise figure measurements for source impedance different than 50 Ohm may be
performed.; thisisrequired for the extraction of noise parameters of the device. However,
the loss of the tuner must be known with high accuracy sinceit enters directly into the
measured noise figure vaue. Tuners exhibit higher oss with increasing reflection coefficient.
The S-Parameter of the DUT must be known to calcul ate the mismatch correction factor M

2.
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the ' cold source’ measurement technique, first proposed by Adamian and Uhlir [3][4]. A
noise source is only required during the calibration phase, to determine the kBG constant of
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Figure 2: Cold Source Measurement Technique

the receiver. A one-port tuner to adjust the source impedance is connected to the input of
the DUT during noise figure measurements. The therma noise of the tuner, proportiond to
the ambient temperature and the resigtive part of itsimpedance, amplified by the DUT and
the additional noise power generated inside the DUT are detected by the receiver. The
noise figure of the DUT is cadculated by knowing the source impedance, the S-parameter of
the DUT and the input reflection coefficient of the receiver. Thistechnique is most often
used in automated noise parameter measurement systems.

Both of the above described techniques require a calibration to be performed prior to
measurement start in order to characterize the recaiver:

Using the standard setup requires the noise source to be connected to the output reference
plane, i.e. theinput of the recaiver, for cdibration.

The ‘cold source’ setup is cdibrated by inserting a THRU connection instead of the DUT
and measuring the ‘kBG' consgtant of the receiver as a function of frequency. However, a
modified ENR table for the noise source must be used in order to take into account the
switch and other passive components inserted between noise source and DUT, thus the
cdibration reference is shifted to the input of the DUT. No connections have to be broken
in the ‘cold-noisg’ setup to perform a calibration when a switch isincluded.

Both techniques require different connections during calibration and measurement execution,
ether repogitioning of the noise source, or replacement of the DUT. Especidly during
measurement sessions of long duration, i.e. probing an entire wafer, it is of greet interest to
recdibrate the setup to minimize errors caused by drift in the receiver components.
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The proposed modified setup uses the cold noise technique and has the advantage of re-
cdibration without reconfiguration. The noise source is connected via a switch located in the
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Figure 3: Modified Cold Sour ce Setup

output of the DUT to the noise figure meter during calibration. Since the S-parameter of the
switch, for both positions, have been measured previoudy, the reference plane is shifted to the
output of the DUT. The one-port input tuner, required to control the source impedance, is
connected directly to the input port of the DUT.

The output switch, controlled by the measurement software, is set periodicaly to the cdibration
position, and the kBG congtant of the receiver isre-calibrated; al other components of the
setup are passive, therefore do not need any periodic verification.
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Figure 4: Setup for Noise and L oad-Pull measurements
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Figure5: Test Setup

The basic setup shown in figure 3 has been extended to dlow for on-wafer cdibration and
smultaneous measurement of noise figure and S-parameter, a SPDT switch was added in the
input, the output switch was replaced by atransfer switch. Bias networks required to adjust the
operation conditions of the DUT have aso been added. The input tuner has been positioned as
close as possible to the DUT, thus preserving a maximum reflection coefficient tuning range.
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Prior to assembly of the setup, S-parameter measurements of the output transfer switch have to
be executed for three positions. P1-P2 , P1-P3, P4-P3. The P4-P3 data are required to
transfer the ENR calibration of the Noise source to Port 3 of the switch. Also, two additiona
one port measurements are performed: Gys, the reflection coefficient of the noise source, and
Grevr, the input impedance of the receiver. These measurements are performed once, re-
cdibration isrequired only after modifications to the setup.

To characterize the setup, the Vector Network Andyzer isfirst cdibrated in the reference plane
A-B using coaxid standards, preferably usng TRL cdibration technique. The qudity of the
cdibration is very important Since the tuner source impedance and the S-parameter of the DUT
will be measured using the calibrated VNA. Then, using on-wafer TRL cdibration standards (
Thru, Delay and Reflect ), the S-parameter of theinput part ( A-A’) and the output part ( B’-B)
are determined. Thetuner isset to its* ZERO' position during the cdibration, it actslike a
matched tranamission line with low loss. Using the previoudy measured S-parameter for the
output transfer switch, the reference plane of the output network is shifted to port 3, where the
recaiver will be connected.
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Receiver Calibration

The Receiver Calibration consists of two steps. Firdt, the Gain-Bandwidth constant kBG has to
be measured. This step is performed using the noise source, the output switch is set to connect
the source (port 4) to the receiver (port 3).

VNA Port 2| Gis

,—> Noise Source

|

I -
SW2 —;I_

NF Meter
e
L z L
| Y L
i
Receiver Cdlibration G ; GRCVR LO
Reference Plane A

Figure 6: kBG Calibration

Two power measurements are taken with the noise figure meter, P4, (Source On) and Pc
(Source Off). The Gain-Bandwidth constant is calculated using [5]:

|1 S.lc;NS| +

kBG =
1- |Gyl )|321|

(|1 GG ) g

with
® ENR(dB) 2
T,=T,¢l+10 *© =
e [4]
Tc: actua temperature of source and receiver
To: standard temperature ( 290K)
ENR: Excess Noise Ratio of noise source
Pu, Pc: measured Noise Power ( Source On (SP9.2), Source Off (SP9.1))
Gs: reflection coefficient seen by the receiver
Grevr: reflection coefficient of receiver
Gus: reflection coefficient of Noise Source ( OFF date)
Si: S-parameter of network inserted between source and receiver
The measurement is repeated for al test frequencies.

The second step of the receiver cdlibration consigts of determination of the noise parameter
(Fwin, Gopr and Ry ) of the second-stage. Because of bandwidth considerations, no isolator has
been included in the setup. Therefore, the noise figure of the recelver is dependent on the actud
source impedance at its input. Having knowledge of noise parameter allows one to caculate the
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actud noise figure of the recaiver during noise figure measurements and to use highly accurate
vaues for de-embedding of the second-stage noise contribution.

The input tuner is terminated in the 50W load and a THRU subgtituted for the DUT. The tuner is
set to anumber ( 8...16) of settings, each presenting a different source impedance to the
receiver. Firg, the impedance is measured, using the VNA, and then a noise power
measurement is taken with the noise figure meter. The noisefigureis caculated using [5]:

P. (|1_ GkCVRGS|2) T, +1

- _C
TKBG (1-|af] T

with

Pc: Noise Power

Gs: source reflection coefficient

Grevr: Input reflection coefficient of recelver

kBG: gain-bandwidth congtant of receiver

Tc: actua temperature

To: standard temperature ( 290K)
Thenoise parameter are caculated using Lan€ s extraction technique [6], based on the noise
figure measurements for different source impedances.

Having determined the gain-bandwidth congtant kBG and the four noise parameter (Fvin, Gopr
and Ry ) of the recaiver, the sysem is fully calibrated for noise figure messurements.

A typicd recaiver cdibration data set is shown below; for each frequency the RF attenuation
Siting, the minimum noise figurethe equivalent noise resstance, the optimum source admittance
(red and imaginary part) and the gain-bandwidth congtant are given.

I TWIN Receiver Noise Calibration
| Fri. DEC 02 14:14:12 1994
4,000 +20 2.025 19.914 0.01821 -0.005675 0.59456135
6.000 +20 1.985 28.140 0.01237 -0.003383 0.76682953
8.000 +20 1.919 37.229 0.01106 -0.003103 0.48827391
10.000 +20 2.131 14.929 0.03009 -0.008732 0.44958811
12.000 +20 2.025 17.399 0.02107 -0.01117 0.47471935
14.000 +20 2.190 23.520 0.0166 -0.008824 0.706968
16.000 +20 1.976 12.547 0.0281 0.002945 0.86418474
18.000 +20 1.931 12.437 0.02565 -0.009119 0.66590498

These values are used during noise figure measurements to determine the actua noise figure of
the recaver, which isfunction of its source impedance and will change asaDUT isinsarted and
the input is tuned to different impedances.
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Source Impedance Pattern Calibration

Noise figure measurements for at least four different source impedances are required to solve
for the four noise parameter, but more samples are advantageous in order to minimize the effect
of measurement errors and alow averaging [7] It has been shown that increasing the number of
intermediate points does not improve the fitting results Sgnificantly, but a proper selection of the
source impedances is beneficia [4]. M. Sannino recommends to measure at least 7 points,
including one point located near the expected optimum source impedance, one point presenting
50 W to the device, and the remaining points located at intermediate values between 50 W and
the Gopr location. The source impedances sdected will be saved in a*“pattern file’, thus
alowing the test system to automatically repeat the measurement sequence using precisely
defined pogtions.

In order to reduce measurement errors introduced by inaccurate source impedance values, the
setup shdl be recdibrated. A THRU hasto be inserted in the DUT reference plane. The input
tuner is set to the positions salected in the pattern file and a‘ one-port’ s-parameter
measurement istriggered to determine the source impedance presented to the DUT for the
given tuner pogition.

The following figure shows the location of source impedances used to perform noise figure
measurements and subsequent noise parameter extraction.

= ]

k4

f=8.00GH=z
=238

r=1574

[Gl=0.740
Phi=31.2

L=0.00dE

« | +)

Figure 7: Source | mpedance Pattern Definition
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Noise Figure Measurement and Noise Parameter Extraction

The noise figure of the DUT can not be measured directly, but the noise figure of the DUT,
OUTPUT NETWORK and RECEIVER is given by:

Fi) |1' S11C':f|2|1' GRCVRG«E,|2 _ L+1

Fror, = (eq. 3.01)
TOT T.KBG (1_ |Gr|2)|%1|2 T,

with

P:: Noise Power

G: source reflection coefficient (seen by DUT)

Gs: source reflection coefficient ( seen by RECEIVER)
Grevr: input reflection coefficient of receiver

kBG: gain-bandwidth constant of receiver

Tc: actud temperature

To: standard temperature ( 290K)

Si: Sparameter of DUT

Usng

+ FOUT - 1+ FRCVR(G\E.) B 1)

Fror =F . 3.02
TOT DUT GDUT GDUTGOUT (w )

and

Four = (eq. 3.03)

where

Gpur: avalable gain of DUT
Gour: avalable gain of output network ( bias and switch )
Frevr: Noise figure of Receiver for actua source impedance

the noise figure of the DUT is cdculated:

E -F - FRCVR(GS) - Gour
DuUT TOT GouGoyr
DUT

(eg. 3.04)

Noise figure measurements are performed either at manually selected source impedances, or in
an automatic way by using predefined and in-situ cdibrated points stored in a pattern definition.

10
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The following figure shows the noise figure vaues measured for different source impedance
vaues. A pattern file was used to tune automaticaly to the pre-cdibrated points and trigger the
measurement.

[+
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Figure 8: Noise Figure Measur ement Results

11
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Determination of Device Noise Parameter

The noise behavior of an active device is fully determined by its four noise parameter, and the
noise figure of adevice is defined as function of the source admittance as

F = Fwin +%|Ys- YOPT|2 (eg. 3.10)
s

where

Favin: minimum noise figure

Ry: equivdent noise resstance

Y s: source admittance seen by device( Ys = Gs + |Bs)

Y opr: Optimum source admittance ( Y opr = Gopr + jBorpr )

The noise figure may dso be calculated using reflection coefficients instead of admittance:

_e LA -Gl
MIN Z, |1+Gpr|2(1' |Gs|2)

(eg. 3.12)

where

Fyvin: minimum noise figure

Ry: equivalent noise resstance

Gs: source reflection coefficient seen by device
Gopr: Optimum source admittance

Zo. characterigtic impedance

Sometimes, Rn/Zo is given as the sSingle parameter r,, , called the normalized equivaent noise
resistance.

In principle, four nonsngular measurements of noise figure from different source admittance will
determine the four noise parameter.

Since experimenta errors occur both in the measurement of the noise figure and in the
measurement of the source admittance, it is of advantage to take additional measurements and
perform gtatistical smoothing, a procedure first proposed by R. Lang[6].

12
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Firgt, equation 3.10 has to be re-written in aform that is linear with respect to the four new
parameter A, B, C, and D [9]:

C+ BB, + DB,

F = A+BG + (eg. 3.12)
S
where

Fun = A++/4BC- D? (eg. 3.13)
R, =B (eq. 3.14)

J4BC- D?
G, =——— — .3.15
OPT ZB (a:] )

-D

B, =— .3.16
orT =55 (eq )

Since more than the four measurement points required will be used to solve the above
equations, aleast square fit taking into account additional measurement datais performed, using
the following error criterion:

2
né & 20 : u
= B eArB® + Lo 2B Fy (g 3.17)
= G . Q
where
Fi: measured noise figure

G + jB;: source admittance of i-th measurement point

The error criterion e is minimized by building a sysem of linear equations usng:

ﬂ_ﬁi:éo P=0 (eq. 3.18)
% = é)geei + EZZP =0 (eq. 3.19)
%:éép:o (eq. 3.20)
%:é%p:o (eq. 320)

with

13
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B’0 C DB
P=A+B G +——+—+—'- F.
Geg G G

Equations 3.18 to 3.21 are solved for the unknowns A, B, C and D. Findly, the four noise
parameter are calculated using equations 3.13 to 3.16.

The following figure shows the result of anoise parameter extraction: 11 noise figure
measurements were taken at different source impedances and the four noise parameter were
determined. In order to verify the accuracy of the noise parameter, the test software showsthe
measured and the calculated noise figure, based on the noise parameter and the source
impedances. The last column shows the difference between the measured and the caculated
vaue.

| = MeasTrace || -

NFmin 1.847dB Rn=17 68 (0516/123.22%) £l
NF(m= 2 935dB NF{c)= 2 963dB D=-0.028dR
li]2: Firm)= 2.824dB MF{c)= 2.830dEB D=-0.006dB
03 NFim)= 2.730dB NF{c)= 2 616dE D=0.114dB
04: NFim)= 2.265dB NFicl= 2.225dB D=0.040dB
05 N (m)=3899d5 NF(c)= 3.962dB D=-0.063dB
06: NFim)=1.818dB NFic)= 1.942dE D=-0.124dB
07: NFim)= 1.987dB NF{cl= 2 010dB D=-0.023dB
08: NFim)= 3.199dB NFic)= 3.204dB D=-0.005dB

09: NF{m)= 3.400dB NF(c)= 3.390dB D=0010dB [
1D: Firn)= 4513dB NF{c)= 4.497dE D=0.016dB
NF(m= 2.148dB NF{c)= 2 152dB D=-0.004dB

+

-4-| : S

Figure 9: Noise Parameter Extraction
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Noise Figure Measurement Example

S-parameter and noise figure measurement have been performed on a 600 nm GaAs MESFET
device.The device has been biased a Vd=2V with adrain current of 20mA. A Hewlett-
Packard HP8510B network andyzer has been used. The following figures show the measured
input and output reflection coefficient and the forward and reverse gain.

15
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Figure 10: Measured S-Parameter ( 2-18GHz)
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Figure 10: Measured Forward Gain (2-18GHz)

Noise measurements were taken at 4, 8, 12 and 18 GHz.

16
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The measured minimum noise figure and the equivadent noise resstance are shown in the
falowing figure

KFa 600um [3V,15mé)

DB[FMIN] MAG[RN]
KR KFA
—t
MMICAD ~ Fri Dec 0913:13:00 1994
3r 30
25} 125
2t 120
15} 115
i: fﬂr/’/ 1.
N f_!r/ ]
05 - = ik
ok g
2 4 § 8 12 14 16 18

10
Frequency [GHZ]

Figure 11: Measured Fmin and Rn

The measured Optimum Source Impedance is shown below.

KFA NOISE MODEL

SMI[GOPT]

KFa
—h

MMICAD -- Fri Dec 09 12:28:40 1334

Figure 12: Measured Optimum Sour ce Reflection Coefficient
The test results in tabular format are shown below:

17
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I WinNOISE Fri Dec 09 18:31:14 1994
|
IFREQ Fmin[dB] - Rn --- MAG --- ANG --NF[dB] --
4,000 0.41100 285000 0.72000 34.6500 1.86542
5.000 0.42139 26.6719 0.70623 41.4000 1.81240
6.000 0.45528 25.0625 0.68697 48.2864 1.78133
7.000 0.51211 23.6719 0.66423 55.2975 1.77643
8.000 0.59100 22.5000 0.64000 62.4200 1.80128
9.000 0.71989 21.7875 0.61674 70.4422 1.90328
10.000 0.84769 21.1333 0.59558 77.8943 2.01206
11.000 0.97440 20.5375 0.57666 84.8457 2.12709
12,000 1.11321 20.0231 0.56378 91.3612 2.24821
13.000 1.22448 19.5208 0.54560 97.4921 2.37559
14.000 1.34784 19.1000 0.53343 103.287 2.50964
15.000 1.47007 18.7375 0.52345 108.779 2.65096
16.000 1.59118 18.4333 0.51559 113.993 2.80030
17.000 1.71115 18.1875 0.50980 118.947 2.95856
18.000 1.83000 18.0000 0.50600 123.650 3.12672

The last column shows the noise figure for a50 Ohm source impedance.

Figure 13: On Wafer Noise M easurement Setup 6-40 GHz
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Figure 14: Millimeterwave On-Wafer Noise M easur ement Setup

19
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Conclusion

A nove noise figure measurement setup, using the cold source technique, has been presented. A
cdibration procedure for on-wafer measurement of low noise devices has been successfully
implemented. The four noise parameter of the recelver dlow the determination of the noise
figure of the receiver during measurements, where the input of the setup istuned using a
precison mechanica tuner. In-situ S-parameter measurement of the DUT have been
performed.

Noise figure measurements have been performed on 600mm GaAs MESFET device and results
are given, including the noise parameter of the device.

=

Figure 15: On-Wafer M easurement Setup 0.8-18 GHz
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