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A General Noise De-embedding Procedure for
Packaged Two-Port Linear Active Devices

Robert A. Pucel, Life Fellow, IEEE, Wayne Struble, Robert Hallgren Member, IEEE, and Ulrich L. Rohde

Abstract—A general noise de-embedding procedure is de-
scribed for packaged two-port linear active devices. The method
is based on the noise correlation technique and its applications
developed previously [1]-[3]. In its most general form, the
package, which need not be reciprocal, may consist of an ar-
bitrary interconnection of linear passive elements at thermal
equilibrium. Only the terminal admittance properties of the
package need be known, net its topology. However, under cer-
tain special cases which lead to singular submatrices of the ad-
mittance matrix the method is inapplicable as will be pointed
ouf. This situation may occur when elements such as isolators
are part of the package. Our objective in this paper is to draw
together, in one place, the necessary theoretical foundation and
experimental techniques to enable workers, not familiar with
the field, to assemble the software and laboratory setup for two-
port noise de-embedding. In line with this objective, we have
borrowed from the work of earlier authors [2], [4]. In further-
ance of our goal to make the paper self-contained, we describe
in some detail the automated noise measurement system used
for data acquisition and the mathematical basis for it. Last, but
not least, we establish the validity of the de-embedding ap-
proach with extensive experimental data obtained on three
MESFETs and a PsHEMT.

INTRODUCTION

WO-PORT active devices, for example, FETs are

being used in microwave circuits such as MMICs over
a wide frequency spectrum extending from L-band well
into the millimeter band (f > 30 GHz). Many of these
circuits are broadband amplifiers with octave or greater
bandwidth. In order to design such amplifiers one must
characterize not only the small-signal amplifying proper-
ties of the device, but also the noise properties. Equiva-
lent circuit models of, say, the FET, especially the GaAs
variety, have now been characterized with sufficient ac-
curacy up to at least 40 GHz. However, this is not the
case for the noise properties, one reason being the diffi-
culty of performing accurate noise measurements in the
millimeter band, another being the sheer amount of ex-
perimental data necessaty for obtaining accurate noise data
over a large frequency band because of the redundancy
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required for least squares fitting to the four noise param-
eters of the active device.

It is evident that there is a need for a broadband noise
model which can be based on a minimal set of noise mea-
surements at a convenient frequency in the microwave
band, such as, for example, 10 GHz. Indeed, a model
based on a single frequency set of measurements would
be ideal, since a standardized measurement procedure uti-
lizing fully characterized source impedances (source pull),
preferably, automated could be implemented.

We describe a mathematical technique to predict the
noise performance of an active linear two-port over its
entire frequency range of operation based on the charac-
terization of the four noise parameters at a single fre-
quency. The technique is applicable to any two-port and
is ideal for computer aided design systems. As examples
of the method, several FET devices will be analyzed.

The method is a noise de-embedding scheme which al-
lows one to predict the noise properties of a packaged de-
vice at any frequency given the values of the four noise
parameters at a single frequency, the equivalent circuit
model of the active two-port, and the four port y (or 5)
parameters of the package. The algorithm applies to an
arbitrary package topology. Linearity, passivity, and
thermal equilibrium are the only conditions imposed on
the package. A key assumption underlying the method is
that the frequency dependence of all relevant noise sources
is known, including their correlation. The de-embedding
technique establishes the magnitude of the noise sources
at the measurement frequency, and hence, by implication,
at all other frequencies.

The method is based on the noise power matrix intro-
duced by Haus [1] later renamed the noise correlation ma-
trix by Hillbrand and Russer [2]. The latter demonstrated
that the correlation matrix was ideally suited for the anal-
ysis of noise ih linear two-port circuits by computer aided
design techniques and applied the technique to the noise
analysis of an n-port network [3]. A similar generalized
approach based on the nodal (admittance) technique was
advanced by Rizzoli and Lipparini somewhat later [4]. An
alternative to the correlation matrix technique was pro-
posed recently by Heinen, et al. [5].

Our procedure is an application of the approach de-
scribed in [4], but now applied to the de-embedding prob-

~ lem. The de-embedding application was cited by Rizzoli,
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et al. [6}, though not in sufficient detail for the general
user.' In this paper we wish to expand on this approach,
and provide extensive experimental data to establish its
validity. An éxample of a similar de-embedding technique
but restricted to a specific package topology was pre-
sented recently by Riddle [7].

THEORY

We shall establish in this section, the theoretical basis
for the de-embedding scheme by following the mathe-
matical treatment developed in [4] and [6]. In line with
the objective of this paper, we have extracted those equa-
tions from these two references which are relevant for our
purpose. Some obvious changes in nomenclature have
been introduced, however.

Let C,; and C; denote the admittance noise correlation
matrices of the packaged device and the device alone, re-
spectively. See Fig. 1. These correlation matrices are re-
lated by the linear matrix equation [4]

C,, = PC,P" + DC,D' )
where C, denotes the admittance correlation matrix of the
package 4-port, and P and D represent package and de-
vice transformation matrices expressible in terms of the
admittance parameters of the package and device. The
dagger denotes the Hermitian (conjugate-transpose) of the
associated matrix. ;

Conversely, the noise matrix of the device can be ex-
pressed in terms of the noise matrix of the packaged de-
vice [4] by an inversion of (1). Thus we have

C,=DC, — PC,P)D'"! @) -

Equation (1) shows that the noise correlation matrix of
the packaged device is a superposition of contributions
from the package and the active device. Equation (2) states
that given the noise correlation matrix of the packaged
device, subtraction of the package contribution from it
yields the contribution of the device itself. It is evident
that (2) is used for de-embedding, while (1) is used for
analysis. Under special conditions the matrix D may not
possess an inverse, and the de-embedding procedure fails.
This may occur when certain nonreciprocal elements, such
as isolators are considered part of the package.

Once the device correlation matrix is de-embedded by
specification of the noise properties of the packaged de-
vice at a specified frequency, this matrix may be evalu-
ated at some other frequency and inserted in (1) to predict
the noise performance of the packaged device at that fre-
quency. ,

The de-embedding scheme described and represented
by (2) yields the device noise properties at its two-port
terminals. Generally, de-embedding has to be carried out
further into the device to reach the ultimate sources of
noise whose frequency dependence is known. This phase
of de-embedding, however, is device specific. In the case

'The procedure to be described is 4 generalization of a more restrictive
de-embedding scheme developed earlier under the MIMIC program which
was similar to the approach described in [6].

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 40, NO. 11, NOVEMBER 1992

Fig. 1. Relevant to definition of Y-parameter and noise correlation mat-
rices for a packaged two-port.

assumed to be frequency independent (‘‘white’’) [8].

ANALYSIS

Our goal in this section is to establish the validity of
(1) and (2) and to present the expressions for the matrix
transformation matrices P and D in terms of the
y-parameters of the package and the active device. For
this purpose we shall repeat relevant portions of the anal-
ysis of [4].

Since the analysis rests heavily on matrix operations,
we begin by listing the nomenclature to be used. All noise
correlation matrices are assumed to be in admittance form
unless stated otherwise.

Y, = four-port admittance matrix of package

Y, = two-port admittance matrix of active device
Y,;, = two-port admittance matrix of packaged device
C, = noise correlation matrix of package

C, = noise correlation matrix of active device

C,, = noise correlation matrix of packaged device

N, = matrix of noise current sources of package

J, = matrix of noise current sources of active device
I, = identity matrix of order k

The signal and noise representation of the-active device
is illustrated in Fig. 2. Note that it is not required that the
two ports share a common terminal. The signal and noise
model of the package is represented in admittance form
in Fig. 3. Fig. 4 is a composite illustration of the device
and package. We shall use this figure as a reference for
our nodal circuit equation derivations. For clarity and
conciseness, we shall present these circuit equations as
matrix equations.

We begin with the port voltages and currents. Please
refer to Figs. 2-3. Let ports 1-1" and 2-2' of the package
be denoted as the external ports, and the corresponding
voltages and currents as the external voltages and cur-
rents. Let ports 3-3’ and 4-4' denote the internal ports,
and the corresponding notation for the voltages and cur-
rents. Using the subscripts i and e to designate internal
and external ports, we define the matrices

L)
HESN

v, (3a)

I

I, (3b)
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We also define in a likewise manner the package noise

source matrices
N,
|:. P :| (5)
N,;

n n3
n, I
The dotted lines denote partitioning.
We partition the package admittance matrix as
Yee,é Yei -
Yp R DO E (6)

where all submatrices are square and of order 2.

The signal and noise nodal equations for the package
can be expressed succinctly in terms of the above matrices
as follows:

I=Y,V+N, %
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or in partitioned form as
Ie = Yee Ve + YeiVi + Npe (88.)
L, =Y, V. +Y;V,+ N, (8b)

We follow a similar procedure for the active device. If
I, and V, denote the current and voltage matrices for the
active device, then we may write the nodal equations for
it as

I = Y4Vy + 1y &)
where
I = {Icﬁj' v, = |:Vd3:| J, = []3} (10)
Iy Vi Ja
Applying the boundary conditions
 L=-L Vy=V, an

to (9), inserting the latter into (8b) and solving for V; we
obtain

Vis —(W + Y)WV, + Ny + Ty (12)

Inserting this into (8a) we solve for the two-port signal
and noise nodal equations of the packaged device in the
concise matrix form as :

L =YV, +1, (13)

where the first term represents the signal component of
current and the second the noise component. Evidently Y,
represents the admittance matrix of the two-port packaged
device. It is given by the expression

Y =Y, + DY, (14)
where the matrix D is defined as
D=-Y,¥; +Y) " (15)

The noise matrix term I, denotes the sum of the contri-
butions of the package and active device. This superpo-
sition of noise sources is represented succinctly in matrix
form as

1, = PN, + DJ, (16)

- where

P = [L,iD] an

with I, being the identity matrix of order 2.
We are now in a position to derive the admittance noise
correlation matrix of the packaged device. Thus

Cu = LI (18)

where the overbar denotes the statistical average.” Insert-
ing (16) into (18) and recognizing that no correlation ex-

2We point out here that throughout our analysis the statistical noise av-
erages, hence correlation matrices, are normalized (divided by) the factor
2kT,B, where k represents Boltzmann’s constant, 7, = the standard tem-
perature of 290°K, and B denotes the noise bandwidth, usually assumed to
be one Hertz. The factor 2 (instead of 4) implies that we are assuming a
frequency scale encompassing both negative and positive values. This nor-
malization was chosen for convenience. In any case, this factor cancels out
in the final noise parameter expressions.
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ists between the noise sources of the package and the ac-
tive device, that is N,J; = 0, onec may demonstrate that
C,, takes the form

C,, = PN,NIP' + DJ,J}D". (19)
Using the definitions
C, = N,N} C=J.J} (20)
One may cast (19) into the form
C,. = PC,P' + DC,D' el

which is (1). For computational purposes, this equation
can be reduced to one involving matrices of order 2 only.
Thus

¢,y =C, + DC, + C,D" + D(C, + C)D".

The inverse of this operation corresponding to the de-
embedding procedure can be derived from (22). Hence

Cd = Dt(de - Cee)DtT - CieDj - DiCei - Ci' (23)

where D, = D' and C,,, C,;, C,,, and C, are submatrices
of C, partitioned in accordance with the format used for
Y,, (6). )

We have completed our analysis leading up to (1) and
(2) and have presented expressions for the transformation
matrices in terms of the package and device admittance
parameters. What remains to be done is to obtain expres-
sions for the correlation matrices C,,;, C,, and C, for the
packaged device, the package, and the device as a two-
port, respectively. Having done this, we will have com-
pleted the connection between the four extrinsic noise pa-
rameters Fy,,, Ty, and R, and the noise correlation ma-
trix of the intrinsic device.

(22)

THE CORRELATION MATRICES

We start with the most simple case, namely, the cor-
relation matrix for the package. We assume that the pack-
age contains no active devices, and that it generates ther-
mal noise only. This excludes other sources of noise such
as those associated with various magnetic materials.
However, we do not rule out the possibility that the pack-
age is nonreciprocal.

Since the package is a linear, passive network gener-
ating thermal noise only, its noise correlation matrix (ad-
mittance form) is expressible in terms of the real part of
the admittance matrix as proven by Twiss [9]. Thus

C, =5, + Y)). 24)

Note that this equation does not require that the package
be reciprocal. If the package is reciprocal, C, = Re {Y,}
where Re { } denotes the real part. We shall assume
reciprocity from here on.’

We include for sake of completeness, the transforma-
tion from the four extrinsic noise parameters of the pack-
aged device to the corresponding admittance correlation
matrix. We proceed by first expressing the ABCD or cir-

3If the package is at a temperature T then C, must be multiplied by the
factor T/7,.
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cuit parameter form of the noise correlation matrix in
terms of the noise parameters. Let C,, denote this corre-
lation matrix. It can be shown [2]* that the elements of
this matrix are given by

Cin =R, (25a)
Fmin — 1 *

CA, 2= ——2._ - Rn Ys,opt (25b)

Cyo1 = Cj, 12 (25¢)

Cin = R, IYs,opt|2' (25d)

This correlation matrix can be transformed to the desired
admittance noise matrix by the Hermitian form

Cu = VC, V', (26)
Conversely, the reverse transformation is given by
Ci=V'CuviT! @7

where the matrix V is expressed in terms of elements of
the admittance matrix Y, as

V= [ Ve, 11 1:1 .
~Yer O
The extraction of the four extrinsic noise parameters from

the matrix C,, in the reverse transformation, is given by
the equations

(28)

Foin =1+ 2(Cy1n + Cy 11 Y o) (292)
R, =Cyn (29b)
C Im Cy 1\ Im C
Yo = \[A,ZZ _ <m A,12> +j< A,12>'
Can Ca Can
(29c¢)

We next turn to the correlation matrix of the active two-
port. The noise contribution of the two-port consists of
two contributions, the noise intrinsic to the device, and
the noise associated with resistive or other lossy para-
sitics. Since the two-port is linear one may show that the
noise correlation matrix C; can be written in its most gen-
eral form as a superposition of two terms

C, = INT' + SN,S' (30)

The transformation matrices T and S, in general, may
be complicated functions of the equivalent circuit param-
eters (ECPs) of the active device. The correlation matrix
N, represents any thermal noise contributions included
with the active device and is known given the ECPs. On
the other hand the intrinsic noise matrix N is what is being
sought by the de-embedding procedure. Thus, after C, is
derived for the active device from the four extrinsic noise
parameters by the procedure described above, N is ob-
tained [10] from (30) as

N=T7Y%C, - SNSHT'! (31)

“There is a typograhpical error in [2]. The asterisk in the (2, 1) element
should be transferred to the (1, 2) element in (11).
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Fig. 5. Definition of intrinsic FET circuit used in noise analysis.
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Fig. 6. Noise model of intrinsic FET.

The frequency dependence of the intrinsic noise mech-
anisms is known.” We make use of this fact to predict the
noise performance at some frequency differing from that
used in the de-embedding. Thus, known N, we may use
it in (30), but with values for it and T, S and N, ® evalu-
ated at the ‘“‘new”’ frequency. The new value for C, is
then inserted into (21), and C,, is calculated, with P, C,,
and D re-evaluated for the new frequency. Then (27),
(28), and (29) are used to determine the new values of the
extrinsic noise parameters. Thus the de-embedding and
analysis procedures are completed.

So far, all of the relations and matrices presented above
are independent of the detailed properties of the active
device and therefore apply to any active two-port device.
However, from here on, the matrix properties, specifi-
cally the device two-port admittance Y, and correspond-
ing noise matrix C, are device specific.

The small-signal equivalent circuit model for the intrin-

5For example, in the case of the FET, there is no frequency dependence, -

unless flicker noise is present.

SThe matrix N,, though representing thermal (white) noise sources is fre-
quency dependent because it contains some frequency dependent factors
involving the FET ECPs. These factors shape the noise spectra of the ther-
mal noise sources in their transformation to the reference planes corre-
sponding to this matrix.

sic FET is shown in Fig. 5. Note that the parasitic source,
gate, and drain resistances are absent as they are consid-
ered part of the package. This ensures that the admittance
matrix of the package doesn’t become singular in the case
when only a FET in chip form is being de-embedded. The
noise representation is illustrated in Fig. 6. The thermal
noise of the gate leakage conductance is represented by a
‘“‘white’’ current source i, across the conductance. The
intrinsic noise sources are presented by a white current
source i, across the drain conductance and a white voltage
source e, in series with the gate capacitance [11]. These
two sources are correlated with each other but not with
the thermal noise source igz. The intrinsic noise matrix is
expressed in terms of these two sources as

eer ey

N = (32)
% . ek
ldeg Lglyg

Note that this matrix is not in admittance form. The cal-
culation of the admittance matrix ¥, and the associated
correlation matrix C,, (30) in terms of the ECPs and the
three noise sources is straightforward and described in
Appendix I.
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SUMMARY OF PROCEDURE

We shall summarize the entire de-embedding/embed-
ding procedure, step by step. The numbers in parentheses
indicate the equation number in the preceding text.

(a) Given the four extrinsic noise parameters F,,
Y, opt» and R, at some measurement frequency f,,, do the
following for this frequency:

(b) Calculate the matrix elements of C4 by (25).

(c) From measurements or simulation calculate pack-
age admittance Y, and partition as per (6).

(d) Calculate device admittance Y, from its equivalent
circuit, for example, for the FET from Fig. 6.

(e) Calculate D by (15).

(f) Calculate V by (28), then C,4 by (26).

(g) Calculate C, by (24) and partition as per (6).

(h) Calculate C, by (23).

(i) Calculate T, S, and N, for the particular device type.

(j) Calculate N by (31).

Change to new frequency f. For this frequency:

(a) Calculate T, S, and N,

(b) Calculate C, by (30) using N from step (j) above.

(c) Determine Y,, from simulation or from measure-
ment and partition as per (6).

(d) Calculate Y, from the equivalent circuit of the de-
vice.

{e) Calculate D by (15) then Y, by (14)

(f) Calcualte C, by (24) then partition as per (6)

(g) Calculate C,, by (22)

(h) Calculate V by (28) then C, by (27).

(i) Calculate new extrinsic noise parameters by (29)

Before proceeding to the application of the de-embed-
ding scheme to experimental data, we present next a brief
description of the experimental setup used to obtain very
accurate noise measurements. We cannot emphasize
enough the importance of obtaining accurate noise param-
cters through the use of a highly redundant set of noise
figure measurements and least squares fitting, if the de-
embedding scheme is to be successful. The next section
describes a measurement system used at our laboratory for
ensuring accurate noise data for the de-embedding
scheme.

DESCRIPTION OF THE NOISE MEASUREMENT SETUP

Consistent with our stated objective of presenting a self-
contained procedure for noise de-embedding we shall in-
clude in this section and in Appendix II, all necessary
formulas required to transform the measured noise data to
the package input/output reference planes, even though
these expressions can be found scattered here and there
throughout the literature. This was done to accomodate
those readers who may wish to implement the described
de-embedding procedure with minimum effort in their own
laboratory.

The well-known equation for noise figure of a two-port
device in terms of the four noise parameters and the source
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admittance is shown in (33). Given a minimum set of four
noise figure measurements, each at a unique source ad-
mittance Y,, (33) can be used to solve for the four noise
parameters at the measurement frequency.

R,
— |y, -
Re {Y;}

where NF denotes the noise figure, F;, the minimum

noise figure, R, the noise resistance, and Y; o, the opti-
mum source admittance for minimum noise figure. How-
ever, because of residual measurement inaccuracies, more
than four source admittances are required for the deter-
mination of the noise parameters. Usually 10 to 20 source
admittances are used for each frequency and the noise pa-
rameters are extracted by least squares fitting. We have
found that many more source admittances are required for
accurate determination of the noise parameters, especially
if the noise resistance R, is low. Therefore, our automated
measurement technique employs 90 to 100 source admit-
tances equally spaced over the Smith chart. 7

A block diagram of the measurement setup used to ex-
tract noise parameters is shown in Fig. 7. This setup is a
fairly standard single sideband source-pull measurement
system employing programmable mechanical tuners, bias
tees, and isolators. The measurement setup covers the fre-
quency range from 4 to 26 GHz and uses three sets of
isolators (4-8, 8-18, and 18-26 GHz).

The measurement system works in the following man-
ner: The tuner on the gate side of the device is pro-
grammed to present the various source admittances to the
device under test. This is the heart of the system. The
(optional) tuner on the drain side of the device is used to
tune the device output for gain. The bias tees provide for
dc gate and drain bias to the device under test (DUT). The
isolators fill three very important purposes: Firstly, iso-
lator #1 prevents changes in the admittance of the noise
source, as it is biased on and off, from affecting the source
admittance presented to the DUT during measurement.
Secondly, isolator #3 prevents these same changes from
affecting the source admittance presented to the noise fig-
ure test set during system calibration. (Note: the subsys-
tem containing the DUT enclosed within the dashed lines
in Fig. 7, hereafter referred to as the device subsystem,
is absent during this calibration step.) Thirdly, during the
device measurement isolator #2 insures that the gain
measured by the noise figure meter is the available gain
of the device subsystem. Inclusion of isolator #2 in the
measurement setup eliminates the need for a noise figure
correction arising from any mismatch after the drain bias
tee (looking back to the DUT). We included isolator #2
for convenience only since the measured noise figure
could be corrected for output mismatch by the method de-
scribed in [12]. We should add that our use of three iso-
lators to avoid mismatch correction is valid provided that
the isolators are ‘‘sufficiently’’ well matched—not a dif-
ficult condition to satisfy.

During the device measurement step, the noise figure
of the device subsystem is measured. De-embedding to

NF = F;, + Y opel” (33)
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Fig. 7. Test setup for automated measurement of noise parameters.

the reference plane of the DUT and extraction of the four
noise parameters is done immediately after all source ad-
mittance noise measurements are complete. De-embed-
ding of the measured noise figure to the DUT reference
plane is accomplished through the use of the cascade noise
figure formula

NF, — 1 NF; —1

NF,, = NF, + + o
: G G, G,

where NF,, denotes the noise figure of a cascaded system,
and NF; and G the noise figure and available gain, re-
spectively, of the kth two-port.

One may simplify the measurement setup to three cas-
caded two-ports by combining the isolator, bias tee, and
programmable tuner on each side of the DUT into single
two-ports. By solving (34) for NF, (DUT noise figure) we
have

NF; — 1

NF2=G| <NFm_NF1 - GG
Y2

> + 1. (35)

The available gains and noise figures needed to solve
(35) are calculated from [S]-parameter measurements of
the three two ports comprising the noise measurement
system. Because the isolators, bias tees, and program-
mable tuners are all passive components, the noise figures
NF, and NF; can be calculated directly from the
[S]-parameter measurements and are related to the avail-

able gains G| and Gj, and the ambient temperature 7 of

the tuners and isolators as

NF, = l~;l—T-+1 (36a)

b Gl To ?
1 T

NF3—<5;—1>F0+1 (36b)

where T, = 290°K.

This method of de-embedding the measured noise fig-
ure to the DUT reference plane is general for cascaded
two-ports. No assumptions are made about the source
match of each two-port. The only assumptions underlying
(35) are that the first and third two-ports are at the same
temperature and are passive, linear, and generate thermal
noise only. The equations for calculation of the available

(34) -
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gains Gy, G,, G; from the measured S-parameters are
given in Appendix II. An equivalent method based on the
noise correlation matrix also has been investigated, but
has not been adopted because of its somewhat longer ex-
ecution time on a PC. }

After de-embedding of the source admittance noise
measurements to the DUT reference plane is completed,
the four noise parameters of the DUT are extracted by
solution of an overdetermined linear system of equations
by the method proposed by Lane [13]. This solution is

~ obtained by rearrangement of (33) into the linear form

Re {Ys,i}NFi = |Ys,il2xi — 21Im {Y, ;} x,

+ X3 + Re {Ys,,}x4 (37)

where NF; and Y, , represent the noise figure and source
admittance for the DUT for the ith measurement. Also
Re { } and Im { } denote the real and imaginary parts,
respectively, of the parameter in braces. The four vari-
ables whose solutions are sought are obtained in terms of
the four unknown noise parameters by the following re-
lationships

x; =R, (38a)
x, = Im {Ys,opt} R, (38b)
%3 = |Yoopl'Ra (38¢c)
Xy = Fpin — 2Re {Y, .} R,. (38d)

The solution of the set of equations (37) is obtained by

well-known techniques. In terms of the solutions, we ob-
tain the four noise parameters by inversion of (38). Thus

R, = x, (392)

Im {Y, o} = % (39b)

Re {¥, on} = .2 — <’i2->2 (39¢)
X X

Foin = X3 + 2303 — x2. (39d)

APPLICATION OF DE-EMBEDDING SCHEME TO
EXPERIMENTAL DATA

The first example is a 0.5 um by 300 um gate Raytheon
GaAs MESFET. Fig. 8 is the schematic for the ‘‘pack-
age.”” In this case, the package consists only of a source
inductance L, and the three FET parasitic resistances R,,
R,, and R, of the gate, drain, and source electrodes, re-
spectively. The four port admittance parameters of the
package may be obtained by a variety of methods. Note
that the inner ports of the package do not share a common
reference terminal with the input and output ports. Fig. 9
illustrates the results of the noise modelling. The de-
embedding was performed at 10 GHz to determine the
internal device noise sources and the solid curves repre-
sent the predicted noise performance at other frequencies.
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Fig. 8. Simple package topology used in noise de-embedding.
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Fig. 9. Measured and predicted noise parameters of a Raytheon MESFET.
(a) F,,, and Rn. (b) Magnitude and phase of T'opt.

Except for some obvious scatter in the measured noise
data, particularly in the magnitude of Iy, generally sat-
isfactory agreement was obtained between the predicted
noise parameters and experiment.

The second example is a Tachonics FET. The package
for this device is of the same form as for the Raytheon
device, but with different element values. Fig. 10 illus-
trates the modelled and measured results. For this case
the de-embedding took place at 8 GHz. Again, good
agreement is obtained for all noise parameters save for the
magnitude of the reflection coefficient at the lower end of
the frequency band.
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FET. (a) F,,, and Rn. (b) Magnitude and phase of I'opt.

The third example is a 0.5 pm by 300 um pseudo-
morphic HEMT device fabricated at Raytheon, Fig. 11.
This device was characterized and modeled over a wider
frequency band. The package topology was the same as
the preceding two devices. The de-embedding frequency
was 12 GHz. Again, the agreement between the model
and experiment is satisfactory. Some scatter in the noise
resistance data is evident.

The final example is a Siemens device. In this case, the
package toplogy, shown in Fig. 12 is much more compli-
cated than the previous one.” In light of the complexity
of the package, this example illustrates the power of our
general de-embedding technique. Figure 13 demonstrates
the comparison between theory and experiment. In this
case, the agreement in some of the noise parameters is not
as good as in the other two examples, presumably because
of the strong frequency dependence of the package as il-
lustrated by the resonance phenomena occurring in the 11—
12 GHz range. Because of this resonance we have plotted
the angle of the reflection coefficient in modulo 360° for
sake of clarity.

We have included in Table I a computer printout for
the Siemens device including the equivalent circuit pa-

"The four port admittance parameters of this package were obtained from
a separate analysis with Super Compact.®
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Fig. 12. Complex package topology used in noise de-embedding.

rameter values to serve as a test case for the reader who
wishes to implement the de-embedding technique. The
transadmittance y,, in Fig. 5 is expressed as
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Fig.

Note that the gate, drain, and source parasitic resistances
are included in Table I for completeness, but are consid-
ered part of the package, Fig. 12.

SUMMARY AND CONCLUSIONS

A general noise de-embedding procedure for active lin-
ear two-ports has been presented which does not require
a topological description of the package in which the two-
port is embedded. All that is needed is a four-port admit-
tance description of the package which must be passive
and generate thermal noise only. The four noise parame-
ters are specified at one frequency and can be calculated
for any other frequency provided that the frequency de-
pendence of all noise sources of the active two-port, in-
cluding their correlation, is known. The de-embedding
scheme was applied to several measured FETs and a
PsHEMT. Generally speaking, good agreement was ob-
tained with experiment.

A programmable measurement setup was described for
automated data acquisition of accurate noise measure-
ments. ‘
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TABLE 1
EQUIVALENT CIRCUIT PARAMETER VALUES FOR SIEMENS FET, INCLUDING CALCULATED NOISE DATA
Siemens CFY25 Device

Gmo = 67.22 mS T1 = 0.55pS
Cdc = 0.00 pF Ggs = 0.000 mS
Ri =4.269 Q Rg = 0.636 Q

Gds = 5.11 mS Cgs = 0.368 pF
Cdg = 0.040 pF Cds = 0.050 pF
Rs = 5717 Q Rd =2.238Q

F3dB = 1.0E4 GHz
Noise input data at 10.00 GHz:

Fmin = 1,550 dB Rs, opt = 19.0Q Gamma (mag) = 0.450
Rn =56Q Xs,opt =2.2Q Gamma (ang) = 174.1 deg
F Fmin Rn Rs, opt Xs, opt Gamma Gamma
(GHz) (dB) (ohms) (ohms) (ohms) (mag) (deg)
2.00 0.327 33.6 57.2 164.7 0.839 30.6
4.00 0.649 25.9 30.3 73.4 0.698 62.6
6.00 0.957 16.4 22.3 38.9 0.581 97.2
8.00 1.258 8.6 19.4 18.1 0.495 134.8
10.000 1.550 5.6 19.0 2.2 0.450 174.1
12.00 1.837 94 20.5 —-12.0 0.445 —148.1
14.00 2.123 20.7 24.5 —26.4 0.464 —114.4
APPENDIX | and
DERIVATION OF CORRELATION MATRIX AND 1
ADMITTANCE MATRIX OF AN FET IN TERMS OF Fl=—— (I-4a)
INTERNAL NOISE SOURCES AND EQUIVALENT CIRCUIT 1+ Yo7
PARAMETERS 7
B = =177 7 Un *jeCa) (1-4b)
INTRODUCTION + Yoo,
We shall derive the expressions for the noise matrices Where
T, S, N, and N, in terms of the equivalent circuit param- R.
eters (ECPs) of the FET. These matrices are used in (30) Z = —l(,:_R (I-5)
and (31) in the text. As a byproduct, an expression for the 1 + joCuR,
device admittance matrix Y4 will be obtained. Yy = Gy + jwCp. (1-6)

ANALYSIS

Our first task is to transform the internal noise sources
in Fig. 6 to their equivalent external shunt form in Fig.
2. For this purpose we define noise vectors for the internal
and external sources in matrix form as follows:

7 J3| . .
n = |: } Jd = I:,:l Ly, = [lgs] (I'l)
tq 4
from which we may write
J; = Tn + Fig (1-2)

where the elements of the transformation matrices T and
F can be derived from circuit theory. The expressions for
these clements are given below:

- JwCy
Ty Yo7, (I-3a)
le =0 (I—3b)
T. ijgsZi

= _—_— + 7 -
205 8 T T Y,Z (Y, t joCy) (I-3¢)
T, =1 (I-3d)

The device correlation matrix C, is defined by the
expression

T

C,=J,Ji = TNT' + SN,§*

where
N=nn' (1-8)
N, = Fi, i F' = Tz G,, FF' (1-9)

since iy iy = (T/T,)Gy.® The matrix S in this case is
simply the identity matrix.

The elements of the admittance matrix Y, of the device
are given by

Y, Yo + jwC -10
= — w -
an = Ty Y, 7 JoCy )

y ijdC YgsZi .
mw= Ty o Y, Z, — jwCy, (I-11)

SRecall that we have normalized all noise noises to 2k 7, B. The factor
T/T, accounts for the fact that the leakage conductance G, may be at a
temperature 7. Note that we are tacitly assuming in this example that G,,
represents thermal noise only.
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Ym - jo-’cdc YgsZi

Yo = - -
421 [+ 7,2 JoCyq (I-12)
1
E + Ygs - %,
Yoo = jwCy. Z; | -
1+ Y7
+ Gy + jo(Cy + Cdg). (I1-13)

This completes the analysis.

APPENDIX 1T
DERIVATION OF FORMULAS RELEVANT TO NOISE
MEASUREMENT SYSTEM

We develop below the equations for expressing the
available gains of the various ‘‘gain’’ blocks in our mea-
surement setup in terms of the mismatch or reflection coef-
ficients between blocks.

Fig. 14 shows in abbreviated form three essential gain
blocks designated by the available ‘‘gains”” G,, G,, and
G, and associated S-parameters S,, S, S.. The block des-
ignated b denotes the device under test (DUT), whereas
the blocks denoted by a and c represent, respectively, the
aggregate of blocks preceding and following the DUT.
LetT', I';, I',, and T, denote the reflection coefficients at
the illustrated reference planes. These coefficients are cal-
culated from the measured S-parameters of the various
gain blocks and the source reflection coefficient I';. Thus
we have

Sl2,a821,ars

T, =8y, + -
a 22,a 1 — -Fssll,a (H la)
S12 bS21 bFa
Ty =8y, + ———— II-1b
b 22,b 1 — Fasll,b ( )
S12 cS21 crb
T =38, — = 2 _
e = Snet 2 TySr. (II-1c)

The available gains are expressed in terms of these reflec-
tion coeflicients as

1S20.4°0 = DDA = TFP
(1 — TeS1,) (1 = T¥S0n.) — TT 2810814/
(II-2a)

G, =

1S21,6°0 = [T — [TF]P
(1 — TuSie) (1 = TFSy ) ~TaT ¥ 815805/

(1I-3b)

Gb=

S22 = IT,H A = [TEP)
|1 — T80 =TS ) = TyTF S0, 08,
(II-4c)

In the text, G,, G,,, and G, are identified with G,, G,, and
G; respectively.

v Ga , Gy |, Gg ,

} | | |

: sa i sb ':_ Sc ':'O

] I I |

I | 1 )

= Tg '~—Tp =—Tp ~—T

Fig. 14. Relevant to calculation of available gain.
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