TECHNICAL FEATURE

IMPEDANCE MEASUREMENTS
FOR HIGH POWER

RF TRANSISTORS

UsING THE TRL METHOD

RF transistors are always a problem be-

Impedance measurements on high power

cause of the very low values and lead
widths and because the devices may be in a
push-pull configuration. Calibration kits to
measure wide or balanced microstrip lines are
difficult to build and provide poor accuracy.
This article describes a way to accurately char-
acterize high power RF transistors, even with
wide leads and in a single-ended or push-pull
configuration. The impedances of the transis-
tor or the S parameters of the input and out-
put test fixture are obtained using the thru-re-
flect-line (TRL) calibration technique in order
to perform de-embedding or loag—pull mea-
surements. Different options of calculation

are presented.

METHOD DESCRIPTION

Fig. ! The break-apart
test fixture. W
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Generally, high power transistor characteri-
zation consists of a measurement of the opti-

mum source and load
presented to the tran-
sistor by a given test
fixture. This test fix-
ture can be tuned at
each individual fre-
quency for best perfor-
mance, or included in
a load-pull bench as an
impedance transform-
er. In all cases, the im-
pedance of the test fix-
ture (Sgo of the input
matching network and
S,; of the output

matching network) must be measured. In the
case of a load-pull, all other §;; parameters
must be determined in order to perform de-
embedding. To determine the S parameters, a
break-apart test fixture is used and included in
a calibration routine with a vector network an-
alyzer (VNA), as shown in Figures 1 and 2.

If a TRL calibration is performed instead
of a short-open-load-thru (SOLT) procedure,
the only standard needed is a delay line. In
this case, if the delay line is designedv so that it
has the same width as the transistor leads, the
measurement will be accurate because width
transitions are avoided, as well as coaxial-to-
microstrip transitions, and the measurement
:{stem will be normalized to the impedance of

e delay line, which will be lower than 50 € if

W Fig. 2 Companents of the test fixture.
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the line is wide. In the case of a push-pull configuration,
the delay line design is accomplished by printing two sym-
metric lines, making the impedance of the delay two-
times the impedance of a single line. When the three
measurements of the TRL calibration are completed, it is
possible to calculate the error matrix corresponding to the
input and output matching networks.

IMPEDANCE CALCULATION

To calculate the parameters of the error matrix, T para-
meters, which are cascadable, are used instead of S para-
meters. Translation between S and T parameters is de-
scribed in Appendix A. T,, is measured, as shown in Fig-
ure 3, with the delay and thru to obtain Tay (delay) and
Ty (thru) with Sy = Sg) = Sy of the delay line (equal to 1
in the case of the thru).

8y is subsequently measured, as shown in Figure 4,
where S, is a reflecting termination {(an open or short cir-
cuit). Ten relationships now exist to calcullz)ite the values of
T,y and Ty (T parameters of the input and output test fix-
ture, respectively) as a function of Ty, Ty, Sy, Sy and Sy.
After some mathematical calculations (detaileci in Appen-
dix B), formulas are obtained where S;;; and S, are ful-
ly determined if S, and S, are presumed to be known.
Note that S4 and §, also could be calculated, however,
some unknowns must be determined. For simplicity, sup-
pose that S4 has been measured or simulated and that S;
is known (+1 for an open, or -1 for a short).

CALCULATION RESULTS

S, and §,4 now can be replaced by their values and S,
Seezo. Ss17 and Sgp can be obtained as functions of Sy,
Tgyj and Ty;. Se1aSem can be extracted from the S-parame-
ter form of Equation A9, and the crossed term S.95.9)
can be extracted from Equation A18 knowing that it is
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equal to 1/T 59T 90. If the input and output test fixtures
are assumed reciprocal, S.js = See; and S s = Sy, can be
calculated as the square root of their respective products.
T parameters then can be replaced by LEeir S-parameter
equivalents and the following S-parameter impedances
can be obtained:

Input:
5 = Sdllst21 —Sdstllstlﬂl
i Sta1 —SySaa1
S (SannSear —SaSuiSaey )-S.11 (Sies - SaSizr )
e2d =
(SaSauiSear - Se1Saz1) = Se11 (SaSiz1 ~ Saz)
o SaS:01 —Suoy
Siz1 = SaSuzi
SeraSea =S (1= Sm) =S
Output:
g o (SazeSia1 —SaSasSuas )=S0 (Sees - S4Suzi )
= (Sdsdzzstzl = StﬂzsdEl)' S,00(SuSi21 - Saa1)
. SdSEEI — Sd.".l
Sio1 = S4Sga)
g oy = Sd‘lSSIQI -Stlst225d2l
; Si21 —SaSaz1
Ssl28521 =S50 (1 > S.';ll) =S
Crossed:

Se128s12 = Se215521
_1-57, _ SgoiSion
Sg Sen —SaSam
In this case, S, is supposed to be an open; in the case of

a short, the sign of S,00 and Sy, is opposite. Z," and Z,,°
are given by

, 1+8S,
Zin = Zu . lr_ S:z
1+8
7 =7 s sl
'out (s] 1-—55“

where Z,, is the normalization impedance of the system —
the impedance of the delay line. It should be noted that
the delay must be different from the thru (indeterminable
if the delay is 0° or 180°), which means that the best case
is when the delay is 90° However, in a practical case, a de-
lay line between 30° and 150° provides good accuracy.

PRACTICAL USE

Practical measurements are quite simple to implement,
however, special attention must be paid to several points.
First, when assembling the break-apart test fixture, the
continuity of the ground must be very good. Second, if a
quarter-wave delay line is used, it will transform the impe-

[Continued on page 130}
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dance seen on one side (very low) to
a very high impedance on the other
side, and the transmitted signal will
be very low. A lot of noise will be
added on the measurements, and the
obtained results may be unusable.

< A(TRL)
O A (soLT)

A B (TRL)
B {soLT)

30° ¢ 54¢< 150°

{0.6 GHz < F < 3.0 GHz)

A Fig. 5 SOLT and TRL measurements
of the first two passive networks,

Fig. 6 Difference between the real impedance
presented to the device and
that measured with a standard technique. W

D SOLT (50 ) OTRL{10 nLl

30° € 54¢ 150"

(0.6 GHz < F < 3.0 GHx)

METHOD VERIFICATION

Two passive networks have been
measured with a standard SOLT cali-
hration and connector and with a

i
ADJUSTMENT AREA

A Fig. 7 The optimized amplificr.
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26VI0SA
Pout =10 W
A Fig. 8 The amplificr’s gain and IRL
va. frequency at 10 W,
TABLE [l
MRF21120 IMPEDANCES
()T G i
2,05 290+j11.82  6.03+j6.38
2.11 235 +jl11.42 5.15 + j6.70
2.17 205+j1080  4.34 +i6.69
1 223 1.98 +j10.53 3.98 + j6.61

W Fig. 9 The amplifier’s layout.

TRL calibration and a 50 Q delay
line. Figure 5 shows the results ob-
tained between 0.6 and 3 GHz, which
confirm that the method is valid over
more than two octaves for a single
delay line. Note also that even with a
50 Q delay line, some differences ex-
ist as a result of the coaxial-to-mi-
crostrip transition,

A second set of measurements has
been completed with a wide delay
line (10 Q). As shown in Figure 6,
there is a big difference between the
real impedance presented to the de-
vice and the one measured with a
standard technique.

A DESIGN EXAMPLE

An amplifier was designed using this
technique with a Motorola model
MRF18060 60 W/1.8 GHz/26 V tran-
sistor. Impedances measured for 65 W
and 13 dB gain at 1 dB compression
are listed in Table 1. A drawing of the
optimized amplifier is shown in Figure
7, where C1 = 1.8 pF, C2 =1 pF and
C3 =10 pF. When the amplifier was as-
sembled without any tuning, the results
were 64 W, 12.2 dB gain and 47 per-
cent efficiency at 1 EB compression.
After adding adjustment areas at the in-
put and output, the results became 66
W/12.7 dB gain/48.8 percent efficiency
at 1.8 GHz, 67 W/12.7 dB gain/47.8
percent efficiency at 1.9 GHz and 67
W/12.8 dB gain/48.3 (Fercent efficiency
at 2.0 GHz. Gain and input return loss
(IRL) are shown in Figure &.

A SECOND EXAMPLE

Another amplifier was built using
a Motorola model MRF21120 120
W/2,1 GH2/26 V push-pull transistor.
Table 2 lists the measured imped-
ances for 120 W/12.1 dB gain at 1 dB

compression. The
amplifier is shown
in Figure 9, where
Cl=18pFand C2
= 4.7 pF. Before any
tuning, the mea-
surement results
were 113 W, 11.6
dB gain and 45 per-
cent efficiency at 1
dB compression.
After a slight adjust-
ment of the position
of C1 and C2 (up
and down), the re-
sults were 121

TABLE |
MRF18060 IMPEDANCES
7. v i)
170 060+[253 227+
180  080+j320  205+305
190 0924342 180+j290
200 L07+j350  1.64+]2.88
210 131+400 1204299
L .|
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W/12.1 dB gain/47.6 percent efficien-
cy at 2.11 GHz and 118 W/12.1 dB
gain/46.6 percent efficiency at 2.17
GHz. Gain and IRL are shown in
Figure 10. As in the previous exam-
ple, results are very similar to those
obtained when measuring the imped-
ances in a narrow band, which
demonstrates that the method s valid
and accurate.

For designers with access to a
VNA with TRL calibration capability,
an alternative solution consists of us-
ing the internal calibration routine of
the VNA and extracting the error pa-
rameters correspondin[f, to Seij and
Sgy In this case, the calibration can
be verified by measuring the thru.

A NONINSERTABLE
QUADRIPOLE

When a de-embedding solution is
required, all parameters can be calcu-
lated with the presented method.
However, a first calibration must be
completed in the connector plane be-
fore the measurements are per-

14.0 0

13.5 2
__13.0 -4
32512 e
Z 120 s';;

115 10 &
3 11.0 ~ — 12

10.5 14

10.0 : 1%

2.05 2.11 297 2.23
FREQUENCY (GHz)
26VITA
Pout = 70 W

A Fig. 10 The amplifier's gain and IRL
vs. frequency at 90 W,

W Fig. 11 Xy determination.

formed. The VNA routine also may
be used and two successive calibra-
tions performed: one in the connec-
tor plane (cal 1, error matrix M), and
a second one (TRL) including the
test fixture (cal 2, error matrix N). By
using T parameters, the X (Sy para-
meters of the test fixture) may i)e cal-
culated, as shown in Figure 11.

After some algebra, the input or
output becomes

X = Ny -My,

17 My,N,, - AM
X = MoiNyo

27 M,,N,, -AM
X. = — MisNay

27 MgN,, - AM

.. = MaAN - Ny, AM

27 MyN|, -AM

In a calibration set, S5 and Sy, of the
different error matrices are not
known independently; however,
X 2Xs; can be calculated as a function
Oerng and N12N21. If the quadri-
pole is assumed reciprocal, that value
is equal to Xy,2 and X2 such that

xlz e le

== J(M12M21).(N12N21)
. MsN,, —AM

The sign then must be determined
using an approximate value of Xg,.

CONCLUSION

It has been shown that the TRL
calibration technique can provide
precise characterization of high pow-
er RF transistors, including imped-
ances and board measurements for
de-embedding. Examples show that
this technique is much more accurate
than standard tech-

niques usinicoaxial
SOLT calibration
because measure-
ments are done
without any coaxial-
to-microstrip transi-

tion or width transi-
tion and can be Ilner-
formed in a low

Tu=TuTa=Ta=Ty ' Tn

impedance system.
The only calibration
N, standard required
to be built is a delay
line that can be

132

used over more

than two octaves. The use of the TRL
method for impedance measurement
allows the designer to build an opti-
mized amplifier at the first pass,
which drastically reduces the design’s
cost and cycle time. W

APPENDIX A

S and T Parameters

)=z
(o)

where

sz &)

Sg1 S
[T]=(Tu Tu]

Ty To
Figure Al shows the parameter orienta-
tions.

S to T Translation

_1[-As s
[T]“s,u [_sg2 1)
where

AS = 51,5,5-595y

It should be noted that the expression for
Ty as a function of 5 parameters s more
complex than for T}, Tgy and Tgs. For this
reason, when there is a choice between two
expressions, the one that does not contain
T, is chosen,

T to § Translation
T2 gt
[§]=[ Tz
A Ty
Ty Tes
where

AT = Ty Top-TyoTy)

al e T [T — a2
s

bl — _ | | —sb2

Al s T [T +— a2
T

bl +—— | ~——=b2

A Fig. AL 5 and T relationships.

[Conttnued on page 134]
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APPENDIX B

Calculation Details
First, the 10 relations given by the mea-
surements are
delay
SiTan=TeuTiS] + TeieTiay (AL
S54Tae = TenTasSi + TasTan  (A2)
SaTaz = Tee TiS3 + Teas T {A3)
SaTgez = cmT,m53 +Togoleoe  (A4)

T =Te1iTony + TereTea (A5)
Tug = TenTae + Ter2Teze (AB)
Tior = Tegi Ty + Te2eTeay (AT}
Tgo=TeaTas+TersTs  (AB)

5., = Lz?SrTell (AD)
LT T 0o 48, Tegy

5., = —ntSe T (A10)
i T R '

In addition, it is known that S.ss =
~T 01/ Toz0 yields Z,* (conjugate of the
transistor’s li_:’lgut impedance), and S,y =

+T;)9/Tspo produces Zow™
Equations All to A20 are obtained by

making some combinations between Equa-
tions Al to AIO {for example, Equation Al
— Equation A5, Equation Al — (53) Equa-
tion A5, Equation A2 — Equation A6, Equa-
tion A2 — (5}) Equation A6, producing

S$4Tann =T =TennTo (83-1) (ALL)
SqTaiz— Tue = TenTuz (S3- 1) (A12)
84Ta01 — Tz = Tey Ty (8 -1)  (A13)
84T 00— Ties = Too1 Tyg (SE -1) (Al4)
§4Ta11 — 53Tu1s = TergTea (1 - SY) (A15)
S4Ta1z — S§Tuz = TereToe (1 - S3) (A16)
SqTao1 — $3Tia1 = TegoTezy (1 - 3} (ALT)
SqTaes — SﬁTﬂg =T,poTse0 (1~ Sﬁ) {A18)

T
5,11[1+S,I£i’l]= o2 g Teil

Tuzﬂ, 22 g Tel?.
(A19)
T T,n T
S_.|-1+5 ;12,}=_ 121 g Csll
m( : T:22 T:ﬂ 4 T|22
(A20]

Concerning the input, dividing Equation
Al5 by Equation A17 or Equation Al6 by
Equation A18, and Equation ALE by Equa-
tion A13 or Equation A12 by Equation Al4

yields
Tz _ Tan-SaTuwr _ Taiz=SaTue
Teos Tao-S4Tier  Taze-SaTies
Tent _ SaTan-Tay _ SaTue=Tus
Tees SaTum—Tier  SaTam-Tie
(A21)

= Tenn _ 5¢Tan Ty o Tent
Tes SaTaar-Ter Teze

54Taiz—Tuz

= didiz= U2 (A99)
SaTaga—Tioe

Note that S, = Ty o/ Teeo Is now caleulat-

ed. These results are used in Equation A19
to obtain

5 Ten 53Taie~Tye
" Toe " 54T aoe—Time

~TaesSaTuz g\ (az)
Taa 54T ;
S0 is now fully determined iF it is assumed

that 5, and S, are known (same for 5./
Aprlylng the same method to the output
yields

L [Srzz___sdTgil'Tazl ]
" Tyon SaTase—Tigz
Taa1=54T 121

= Jauz$aTor,s  (aza)
Td?ﬂ"sdTm ¢

where §,,; and S,z are fully determined if
S, and S, are known.

Equation A21 is used to extract Sy, and
the second-order equation becomes
53 (T Tige ~ TueTen) +54
» (Tay Tig + Ta1oTier — Tan Teoa = TupeTery)
+(Tan Taza = Tang Tz} =0
Only an indetermination remains to be

solved {which root to choose} to obtain the
value of Sy.

S, Calculation

In fact, S, will not be calculated, but a way
to extract 5,00 and S,;; without knowing it
will be determined. By dividing Equation
A23 by Equation A24 to obtain S.20/5,)
(= A) and %vidlng Equation Al4 by Equa-
tion Al§ to obtaln Sm X 5.[1 (= B), 5522
and 5;;, are now calculated as

Sem-_—i‘d AB S,u=iJ-§

As before, the indetermination of the sign
of the square root must be solved.
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