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Simple Technique for Measuring Source Reflection
Coefficient While Characterizing Active Devices

GianLuigi MadonnaMember, IEEEand Andrea Ferrerdlember, IEEE

Abstract—The measurement of the source reflection coef- PORT1 PORT2
ficient is fundamental for noise, as well as large-signal testing
of microwave active devices. This paper describes a simple yet
rigorous technique for fast and accurate determination of a source
reflection coefficient when a load—source pull test set is used. The
solution consists in measuring the waves at the device-under-test INPUT a,
reference plane under two different bias conditions. We have TUNER
proven that these measurements give enough information to
compute the source reflection coefficient with accuracy suitable
for most applications. Experimental results are presented and

compared to data obtained with more conventional techniques. Fig. 1. Simplified block scheme of a traditional test set for source and
load—pull characterization of active devices.

]
i zz OUTPUT
i TUNER

Index Terms—Active device characterization, error box, mi-
crowave measurements, network analyzer calibration, source
impedance, source—pull, source reflection coefficient. Equation (1) defines the relationship between the waves at

the input reference plane set by the DUT. On the other side, the
microwave source imposes
|. INTRODUCTION

HE measurement of the source reflection coefficiEpt a1 =as +shy (2)

is usually necessary for noise testing of microwave active
devices, along with the usuékparameters. Howevelr,s plays wherel's is, by definition, the source reflection coefficient.
an important role also when nonlinear device characterizatiorFi€om (2), it results
required since the basic transistor performances (such as input
and output power levels, intermodulation products, efficiency) I's = n <1 — a_5> . (3)
are also functions of the input and output ports loading condi- by
tions. Typical application is the design of low-noise amplifiersA single measurement af , b,

. . . . . X is not sufficient to compute the
mixers, oscillators, power amplifiers, and high-efficiency int€5, rce reflection coefficient. As a matter of faEY; is equal
grated circuits (ICs).

) i to the ratioa:/b; only if as = 0, i.e., the internal generator is
Fig. 1 shows a load-source pull test set, which beca@\%itched Oﬁl 1ony i as g

common over the last decade for nonlinear characterizationTO measuré's, Hughet al.[3] proposed the solution shown
[1]-[6]. Two mismatch boxes set the source a.nd load cond; iy o). First, the source switch is set to position 1 and the
tions, respectively at the input and output ports; those systep\§ T input gamma is computed by (1). The source switch is then

can be passive mechgnlcal wners orkthe rrore recent acliygqq to position 2 and a second acquisition of wamg$; is
tuners [1]. An automatic vector network analyzer (VNA) an erformed. From (3), the source reflection coefficient is simply

two reflectometers measure the waves at the reference plan%g ratiol's = a1 /b, since the source term is null. This simple

the device-under-test (DUT). The use of in-place refIGCtometl"érchnique relies on two basic assumptions. First, the DUT is

allows to measure all the DUT waves in real time and W'tho'ﬁtot unilateral, thus, a significant portion of the source signal

a tuner precalibration. As a drawback, the reflectometers intros port 2 can reach the input reflectometer. Moreover, the

duce extra loss, which reduces the magnitude of the reﬂec“ﬂﬁlection coefficient of the source swith,, does not change
coefficients available at the DUT ports unless active tunghiie turning the switch from position 1“;”2

systems are used [2]. ) An entirely different approach is described in [4] and
The reflectometer of port 1 allows calibrated measuremeniS.:-hed in Fig. 2(b). Here, the signal from the microwave
of the DUT input reflection coefficient', as source is summed with the wave reflected by the tuning
b1 element and injected into the DUT. The reflectometer is used
= a’ @) in an unconventional configuration (referred toragers¢ and
it directly monitors the tuner coefficierif,. After a proper
Manuscript received November 4, 1999. palibration proce@urd? s is.d.irectly available, but, this time, it
G. Madonna is with Infineon Technologies AG, 81739 Munich, Germanis the DUT reflection coefficient;,, that cannot be determined.
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10129 Turin, Italy (e-mail: ferrero@polito.it). two steps [5]. First, the microwave signal is |n.Jec_:ted before the
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Fig. 2. Existing solutions for source reflection coefficient measurement.

is then switched immediately after, and the source reflection amaly change the DUT bias, the source sigmalandI’s do not
efficient is measured by the reflectometer in the reverse confighange in the two situations. Therefore, two equations like (2)
uration. Again, the switch reflection coefficient is assumed coare stacked to form the linear system
stant while changing the switch position. , ,

As common feature, all the previous techniques measure the { ap = as +1'sb (4)
DUT and the source reflection coefficients by two different al =as+Tsh.
steps; this can be time consuming for fast and automatic char- i ) ) .
acterization of active devices. The authors recently proposghe solution of (4) gives the source reflection coefficient as a
a new technique based on the concept of a three-samﬂ\ﬁ}cuon of the corrected waves
reflectometer [see Fig. 2(d)]. It allows the simultaneous al —a
determination of the source and DUT input gamma. This I's = m ®)
technique is indeed fast and accurate, but it is based on an
unconventional error model and it requires a special-purpag@vided that all the quantities in (5) are referred to the same
calibration procedure [6]. independent reference signal.

The solution described here is a simple yet rigorous tech-The novel technique possesses some noteworthy features as
nique for determining the source reflection coefficient whiléollows.
characterizing active devices. Briefly, it consists of measuring e It is rigorous since it is not based on the repeatability of a
the waves at the input reference plane under two different DUT  microwave source switch.
bias conditions. The variations of the DUT input waves due to « It is safe and suitable for source— and load—pull charac-
the bias change give enough information to compute the source terization of unilateral devices since it does not require to
reflection coefficient with accuracy sufficient for most applica- excite the DUT back from port 2 (as required in [3]).
tions. Details are given in the following section. Afterwards, the « It is flexible since it can be successfully applied to
calibration problem will be discussed. Finally, experimental re-  different source—pull test-set configurations [see, e.g.,
sults will be presented, along with some consideration on mea- Fig. 2(a) and (b)].
surement accuracy. ¢ The correction for systematic errors is based on the tradi-

tional error-box model and it does not require any partic-
[I. NOVEL SOLUTION ular calibration procedures, as pointed out in the following

In order to compute the source reflection coefficient, two dif- section.

ferent bias conditions are applied to the active DUT. Its input
gamma depends on the bias voltages so that the wavasd

b, are different in the two conditions. Let them g &, andaf, The calibration theory is based on the well-known error-box
by, where the apices identify the two bias conditions. Since weodel for nonleaky network analyzers [7]. The relationship be-

Ill. CALIBRATION AND DEEMBEDDING
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tween measured quantities,:, b,,1 and real waveg;, b; at “sn:)%'}a%vaVE
the DUT port 1 reference plane is
b1 A0 e | am =] i
= (6) PORT 1 - PORT 2
ay 6%0 6%1 bl SOURCE SWITCH
HP8510 NETWORK ANALYZER
or HP8511 FOUR CHANNEL RECEIVER
r 00 ®aref ®bm1 @am' 8n2 ®bm2
bl 1 1 —C1 brnl (7)
al €01 _6%1 —Al Al | é
_ﬂ A1-A2 WAVE
whereA; = %1t — 1901, The corrected DUT input reflec- SELECTION SWITCH
tion coefficient is computed by the formula PORT1 PORT2
b Croin — 20 puT |
[y, = -+ = 11"”"—1 (8) INPUT 31—}+DUT<—:—32 OUTPUT
a €1 Fm,in — Al TUNER b,+ —:"’bz TUNER

wherel',, i, = b .
T "’:.L/aml . . . . Fig. 3. IntegratedS-parameter and source—/load—pull on-wafer test set used
Substituting (7) in (5) gives (after simple manipulations) thg verify the novel technique fdF s measurement.

deembedding formula for the source reflection coefficient

0
6%1 - A1FrnS
I's = 1= 00T, 9) @
where 2 e
! 1 & §
Ls = % (10) -10 200
(BT B " NS B N
The quantities, ,, &,,, anda”,,, b | in (10) are the raw waves / \ \ /\ f \ f\ /\ / %
measured under the two bias conditions. \ }/’ \ \7/ / \]’ \j \ \ f 0 -:m
As opposite to [6], only classical error coefficients are in- oy 100N
volved in the deembedding equation. They are computed by any y B/ L/ 200
conventional calibration algorithm for one- or two-port network 6 8 10 12 14 16
analyzers. FREQUENCY [GHz]

Fig. 4. Source reflection coefficient for a single tuner settifig; ; (new
IV. CONSIDERATIONS ONMEASUREMENTACCURACY technique: continuous linels. » (traditional technique: dotted line with).

. - No isolator is used.
Error propagation from waves , b; to the source reflection

coefficientl's was studied. Lefa = da; = b, be the uncer-
tainty that affects:; andb; measurements. By differentiatinga
(5), I's uncertainty is equal, in the worst case, to

To proceed further, it must be noted that if differéntvalues

re set, the source term in (14) may also vary. The relation-
ship betweerzs andI's depends only on the circuit used to
s 8a' +8a” &V + 8V’ 5a(1 + |rs|) control the source reflection coefficient. For our experiments, a
= = simple mechanical tuner was used, as shown in Fig. 3. In the
Appendix, it is proven that, in this case, a good model is

ICs] lay —af| oy =01 laf —af]

From (1) and (2), it results

L as 12) las|? = |aso|* (1 — a|Ts?),  if Is|* < é (15)
1=Tslim whereasg is constant with's and« is a nonnegative param-
and, thus, eter that can be determined experimentally. In our case, simple
| 1 H: (1— DL ) (1 — sl 13 fitting algorithm gavex ~ 2.3. Equation (14) becomes
ay —ay Isas(I, — ) §Ts = f(T's) |5Ta0| (16)

whereI and I are the DUT input reflection coefficients

under the two bias conditions. The overall uncertainty becoma&bere

|1—F5Fin||1—1“51“ﬁl ba
T = L las|’

2(1+Ts]) |1 -TsIY Il - Tl
(1-alls?)"? I — T

Equation (14) proves that the larger the variation of the DUT In the following, we will experimentally prove the effective-
input gammal — I'/ | is, the smaller thé's uncertainty is, ness of this formulation to highlight tHés measurement accu-

n

as is obvious. racy of the new technique.

s =2(1+|I's)) 1a) s = 7
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Fig. 5. Source reflection coefficient for a single tuner setting with an isolator
between the tuner and the source swiich;; (new technique: continuous line),
I's, > (traditional technique: dotted line with).

Fig. 7. Source reflection coefficient values at 10 GHz for various tuner
-20 _ settings, computed by different techniqués; ; (new technique#), I's 2
AT =2010g,, T ;T4 (traditional techniqueo).

20

FREQUENCY [GHz]

Fig.6. Differences betwedns values computed by different techniques: with
the isolator between the tuner and source switch (continuous line) and without
it (dotted line).

V. EXPERIMENTAL RESULTS

The solution presented in this paper was applied to the in-
tegratedS-parameter and source—/load—pull on-wafer test set
sketched in Fig. 3. A traditional network analyzer is used as a
four-channel microwave receiver. Signal ; is drawn from the
generator output to provide a stable reference for phase locking.
Wavesa; andas are selected by a p-i-n diode switch driven di-
rectly by the network analyzer. This is a well-established tech-
nigue already experimented in many load—pull systems [8], [9]
and it allows fast acquisitions of all four DUT waves.

The novel technique was applied to measure the source reflec-
tion coefficient during on-wafer load—pull high electron-mo-
bility transistor (HEMT) characterization. Measurements were
made at different input tuner settings. Results were compared
with the ones obtained by the traditional technique described in
[3]. In detail, for each tuner setting: 1) the DUT was driven by
port 1 and the source reflection coefficient was computed by the , ) o _
new “two-bias” method, obtainingjs; and then 2) the source Fig. 8. Error propagation factgi(I's ), defined in (17), as a function @fs.
signal was switched to port 2, the device was substituted by a
thru connection, and the source reflection coefficient was ditwo-bias” technique, the DUT bias was simply turned on and
rectly measured as /b, obtainingl"s2. To computd’s by the off.
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i irs If the tuner is assumed to have no losses, then mé&tiisx
I ! Hermitian. In particular,
[ / LOSSES | DUT
MICROWAVE | [
SYNTHESIZER @ —:—I |—|T |521|2 + |522|2 =1. (22)
| |
a—l» INPUT a,—l» .
1" TUNER b: - From (19)—(21), it results

2 2 2
o - lasl? = lasol? (1 - alls|?) (22)
Fig. 9. Simple model used to compute the relationship betwgeandT 5.
whereaso = a,/L anda = L*. Coefficienta is also related

Fig. 4 shows the results for a single tuner setting as a fung-the maximum source reflection coefficient that can be set. In
tion of frequency. The small difference betweleg, andI's>  fact, since the tuner is passive

plots was attributed mainly to systematic errors affecling.

In particular, moving the source signal from ports 1 to 2 slightly 1522)% < 1 (23)
changes the switch reflection coefficidnyt, that the input tuner

sees. To prove this statement, we inserted an isolator betweg@, from (19),

the input tuner and source switch. In this case, the difference be-

tweenl's; andl' s, is considerably smaller, as shown in Figs. 5 Ts|? < IT's, max|? = 1/cv. (24)
and 6.

Residual differences betweéiy; andl's; was attributed to  |n our case, the quantity.s|? was directly computed by mea-
the Uncertainty of the “two-bias” method. Flg 7 shows differerguring]_"s by the “two-bias” technique an|@1|2 after a proper
measured values obtained at a single frequency for as maver calibration [10]. Least-squares fitting of (22) with exper-
input tuner positions. On the other side, Fig. 8(a) shows the erfgiental data gaver ~ 2.3. From (24), it meansl's ax| ~
propagation factor defined in (17) as a functionlgf. Finally, .66, which is in good agreement with the maximum source re-

in Fig. 8(b), the contour plot of (I's) is superimposed to the flection coefficient obtained in Fig. 7 and the loss of our input
measured valueBs; andI'ss. It is easy to note that the two reflectometer.

techniques better agree where functifi's) has a minimum.
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