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How to Calibrate Through Balun Transformers to
Accurately Measure Balanced Systems

Clifford R. Curry, Member, IEEE

Abstract—Balun transformersareused in front of network ana-
lyzer sto measurethebalanced- and common-mode char acteristics
of transmission linesand electronic networks. Thenonideal nature
of real baluns will cause measurements made with this technique
tobeinerror. Thispaper showsthat by followingacalibration pro-
ceduresimilar to the conventional network analyzer calibration of
Kruppaand Sodomsky, whereknown standar dsaremeasured, and
these measurementsareused to correct measurementsof unknown
devices, one can compensate for the nonideal nature of the mea-
surement baluns. In this procedure, a conventional two-port net-
work analyzer isconnected to the balun transformer and, without
disconnecting the network analyzer, inaccuraciesin the balun can
be calibrated out. Balanced mode, common mode, and mode con-
version parameters can be accurately measured. This paper ap-
pliesthe previously published method of Silvonen for conventional
network analyzer calibration to correct the measurement errors
when using balun transformers.

Index Terms—Balanced mode, balun, calibration, common
mode, network analyzer.

I. INTRODUCTION

S DIGITAL clock rates increase and data path widths in-

crease, differential signaling is used more and more. With
differential signaling, the current drawn by the 1/O drivers is
constant, leading to good noise performance in a mixed analog
and digital environment. Thisallowslower signaling levels and
higher speeds. Differential 1/0 usesbalanced transmission lines,
often coplanar lines on a circuit board and a twisted pair in
cabling.

Although vector network analyzers are the instrument
of choice for measuring reflection coefficients, return loss,
and insertion loss at high frequencies, these instruments are
designed for use in coaxial systems. To evaluate balanced
transmission lines, balanced receivers, and transmitters, some
way of converting the coaxialy oriented test equipment to
a balanced/common-mode type of measurement must be
provided. Balun transformers are used for this purpose. This
paper describes a method to calibrate the network analyzer
through the balun transformer so that the nonideal response of
the transformer can be compensated for.

The situation we consider in this paper is shown in Fig. 1.
A network analyzer is used to measure some kind of balanced
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Fig. 1. Measurement scenario addressed in this paper.
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system. A balance measuring device (usually a balun trans-
former) is used to enable the network analyzer, which is a
coaxia single-ended measuring system, to work with the bal-
anced device-under-test (DUT). The balanced-mode reflection
coefficient and the common-mode reflection coefficient of
the DUT are presented to the network analyzer at the coaxial
ports of the balance measuring device. The “unbalance” of the
DUT is represented by a coupling between the balanced- and
common-mode ports of the balance measuring device.

A. ldeal Balun Transformers

Consider the balanced to unbalanced transformer, commonly
called the balun. There are several ways to make these devices.
One particular balun schematic is shown in Fig. 2.

The balun transformer can be placed around a network and
provide ports for the balanced and common connections. A
balun transformer can be thought of as a four-port device. Two
of its ports are normally connected to the network anayzer
during measurements. Port 1in Fig. 2 isthe balanced measuring
port and port 2 is the common-mode port. The other two ports
of the four port, ports 3 and 4, connect to the DUT.

Circuit analysis of Fig. 2 revealsthat the scattering matrix of
abalun is given in (1), shown at the bottom of the following
page.

A well-known result in network theory isthat amatched loss-
less four-port is determined by only two parameters[5]. A sim-
ilar thought process can show that a balanced lossless four-port
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is also parameterized by only two parameters. Thus, (1) can be
considered representative of all lossless balanced balance mea-
suring devices, even if they do not have the schematic of Fig. 2.

Most of thetime, the common-mode port of abalunisactually
adirect connection to the center tap of the transformer. In this
case, n2 = 1. When baluns are designed to interface a 50-C2
network analyzer to a 100-Q2 balanced line, then n, = /2. An
ideal transformer with these turn ratios would have a scattering
matrix of (2) as follows:

SidealBalun
i V2 V2
R R
_ 3 3 3
B N S 1
2 3 6 6
_V2 2 1 1
L 2 3 6 6
r 0 0 0.7071 —0.7071
- 0 —0.3333 0.6667 0.6667 @)
~ 1 0.7071 0.6667 0.1667 0.1667
L—-0.7071 0.6667 0.1667 0.1667

Thiskind of balunisvery commonly used. Notethat thevalue
of no affectsthe measurement of the common-mode parameters
and the balanced- to common-mode conversion gain. There is
some confusion in the literature over the precise definition of
these parameters. For example, the mixed-mode parameters of
Bockelman and Eisenstadt [3] agree with balun measurements
when abalun has n, = /2, while the method of Yanagawa et
al. [4] agrees with measurements when abalun hasne = 1.

An example scattering matrix of atypical high-quality balun
inits mid-frequency range (at 10.1 MHz) isgivenin (3), shown
at the bottom of this page.

This scattering matrix was computed from measurements de-
scribed in Section I1. These parameterswill vary with frequency.
Comparing these numbers with those of (2), one can see that an
actual balunisnot ideal. This paper providesamethod of correc-
tion for the nonideal nature of the actual balun. The technique
is an application of [2].
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I1. OVERVIEW OF THE CALIBRATION PROCEDURE

The first step in the calibration procedure is to perform the
built-in full two-port calibration of the network analyzer to the
end of the coaxia cables used to connect to the balun. At the
reference plane of the end of the coax cables, the network ana-
lyzer can then be considered ideal.

The calibration of the balun response is performed by con-
necting the two ports of the network analyzer to the two coaxial
ports of the balun, and measuring the two-port parameters from
the network analyzer five times, each time with a different load
on the balun output. The calibration and measurement setup is
shown in Figs. 2 and 3.

The known loads used to characterize the baluns must be dif-
ferent from each other so that all the characteristics of the balun
can be extracted from the measurements. However, the loads
must be simple so that they are easily constructed and the exper-
imenter can have confidence that the loads are known. To find
the balun s-parameters, a system of equations must be solved.
If the standard loads are not varied enough, the equations will
not have a unique solution. By investigating various combina-
tions of shorts, opens, and known resistors for the standards, it
can be shown experimentally that five loads are needed to solve
the equations uniquely. Various combinations work and some

r(n? —2) 0 2n? —2n4 7
(2+ni) (2+ni) (2+ni)
0 (n% —2) 2n3 2n3
_ (2+n3) (2+n3) (2+n3)
Smat = 2nq 2n3 (4 —nind) (2n? — 2n3) D
2+n3) (2+9n3) @2+2H(2+n3) 2+ (2+nd)
—2n; 2n3 (2n? — 2n3) (4 —n3n3)
L2+n?) (2+nd) C+nH(24+n3) 2+n)2+n3) ]
—0.0753 + 50265 —0.0002 0.6502 — j0.0446 —0.6502 + j0.0446
g —0.0002 —0.1532 + 50.018 0.5608 — 50.0103 0.5608 — 50.001 03 3)
actualBalun =

0.6502 — 50.0446
—0.6502 + j0.0446

0.5608 — 30.0103 0.1733 + y0.0162
0.5608 — 50.0103  0.2268 — 70.0103

0.2268 — 70.0103
0.1734 + 50.0165
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TABLE |
CALIBRATION STANDARDS FOR BALUN CALIBRATION

Seen through
balun of
Schematic S-matrix equation2, Description
Short between the
balanced wires
-l 01 10
10 01

The two balanced
wires shorted to
common

oo | e
Qoo | <o

-1 0 -1 0
0 - 0 -

All connections
10 10 open
01 01

Right wire loaded
10
00

:| with fifty ohms to
|:0 O] 1| -3 2.2
0 -1 7 2ﬁ -5

113 2.2 common, left
shorted.
UENE

Left wire loaded
with fifty ohms to
common, right
shorted.

Govne | Go—e | Que
Go—e | Qoo | Gos

do not work [2]. In this paper, the author presents the five loads
shown in Table | asasimple easily constructed set of standards
that allow the equations to be solved.

Each time a load is placed on the balun, the four complex
numbers of the input two-port s-parameters are measured and
recorded. After five measurements, atotal of 20 numbers have
been obtained. The calibration scheme, especially the reduction
scheme used to cal culate the 16 numbersthat constitute the scat-
tering matrix of the actual balun from 20 measured values, is
described in the following section. The parameters of the actual
balun are found through the calibration process. The response of
the actual balun is then mathematically removed from the mea-
surement, and the response of an ideal balun is substituted.

IIl. DETAILS OF THE PROCEDURE

After the measurements, the procedure of [2] is followed.
Thisprocedureissummarized here. Thecalibrationloadsare as-
sumed to be known exactly. The four-port balun is described by
a4 x 4 chain-scattering matrix with 16 entries. The chain-scat-
tering matrix is partitioned into four 2 x 2 submatrices. These
2 x 2 matrices are denoted by 77, 1%, 15, and Ty. The chain-s
matrix isdefined in terms of the balun s-matrix in the following

way:
Chain = {Tl T‘ﬂ

_ [By— E\E;'Ey E\E3!
T3 Ty~

—E3_1E4 E3_1 :| (4)
where the balun s matrix is similarly partitioned, and the 2 x
2 submatrices of the s matrix are denoted by F, Es, Fs, and
E,. The balun s matrix can be derived from the chain-s matrix
using the inverse of (4) as follows:

— [El EQ} _ [T2T4—1 T, - LI T,

Es Eu Tt T, '3 } ©)

Equations for the measurement of a load through a device
described by the chain-s parameters are then

Smeas (T3510ad + T4) - (Tl Sload + TQ) =0. (6)

When (6) is multiplied out, the terms multiplying each of the
16 entries of the chain-s matrix can be gathered in a matrix of
known numbers. Each measurement of a two-port load results
in four equations in 16 unknowns of the form

ty
«— 16 — ¢
T . _
4 [Coefficients] =0. @)
l t1e

In (7), the coefficients are expressions that contain the entries
Of Sineas aNd Sioaq. The unknown vector consists of the 16 en-
tries of the chain-s matrix, here denoted as ¢1—t16. When (7)
is solved, the chain-s matrix is known and, thus, the scattering
matrix of the actual balun can be found.

The solution of (7) lies in the null space of the coefficient
matrix. After one measurement, four equations are known, after
two measurements, eight equations are known, and so on. The-
oretically, measurement with four different loadswould provide
16 equations in 16 unknowns, and the null space of the coeffi-
cient matrix (in this case, a 16 x16 matrix) would be one di-
mensional. Therefore, the solution vector [#; ¢ tig ]t
would be known up to an arbitrary complex scaling factor. The
scaling factor is not absolutely needed to correct the balun mea-
surements from atwo-port [2], but is necessary if asystem with
more than two portsisto be measured (using multiple baluns) or
to make amodel for the actual balun. In order to find this scale
factor, additional information must be used.

Consider the effect of thisarbitrary scaling factor on the scat-
tering matrix converted from the chain scattering matrix. Ascan
be seen from (5), the upper left- and lower right-hand-side sub-
matrices of the scattering matrix are not affected by the scalar.
However, the upper right-hand-side submatrix is multiplied by
the scalar, and the lower |eft-hand-side submatrix is divided by
the scalar. If the scattering matrix represents a reciproca de-
vice, the upper right-hand-side submatrix must be the transpose
of the lower left-hand-side submatrix. Let the scale factor, mul-
tiplied by the appropriately sized identity matrix for the balun
four-port, be K = k([12x2]). Setting the upper right-hand-side
submatrix (K711 — (K'T> — (KTy)~1)KT3), equal to the trans-
pose of the lower left-hand-side submatrix ((K73)~!)t, and
solving for the scale factor yields (8) as follows:

K? = 12 [loxo] = (T7H)(Ty - ITMTS). (8)

Since baluns are reciprocal devices, (8) is applicable to this
problem. There are two solutions to (8). The effect of choosing
apositive or negative £ in (8) isto change the sign of the balun
upper right-hand-side s-matrix entries. Thus, choosing one or
the other & merely switches the connections to the DUT ports
of the balun. It isimportant to choose the k that keeps the con-
nection consistent as the equations are solved at each frequency.

Although measurements of four two-ports are theoretically
sufficient to find the solution to (7), simulations show that five
or more are actually needed [2].
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Fig. 4. Equivalent circuit of the test load, as measured with a dc ohmmeter.

Using (7) with measurements of five standards results in a
system with more equations than unknowns. An exact solution
tothesystemisnot likely. The singular val ue decomposition can
be used to find aleast squares solution [6].

After the actual balun scattering matrix is determined, it
can be deconvolved from the measurement and an ideal balun
substituted. The easiest way to do this is with chain-matrix or
scattering chain-matrix representations of the actual and ideal
baluns.

IV. VERIFICATION OF THE PROCEDURE

Several companies sell specia high-bandwidth highly bal-
anced baluns for use in evaluation of a twisted pair cable and
connecting hardware. These baluns have a nearly ideal scat-
tering matrix like the one of (2), and are specified for use from
3 to 300 MHz. To show how the balun calibration procedure
works, one of these special baluns was used in measurements
from 100 kHz to 1.8 GHz. This was the frequency range of the
network analyzer used, and is a bandwidth much larger than
the balun bandwidth, as specified for by the manufacturer. The
fiveloads used in the calibration process were constructed using
small circuit boards. Shorts were constructed from a small sec-
tion of wire. The circuit board pads with no connectionsto them
served as opens. For the loads, 603 chip resistors were used.

Five known loadswere used to calibrate the baluns. Threetest
loads were measured with the baluns and then corrected using
the calibration data.

V. RESULTS

Typica results of a measurement and calibration process
are presented in this section. The test load in thiscaseisaw
network of chip resistors. After construction, the = network
was measured with an ohmmeter. The resistance across the
left-hand-side, right-hand-side, and center terminals measured
118.8, 55.78, and 102.65 (2, respectively. This indicates that
the constructed load can be modeled as shown in Fig. 4.

Thisload isassumed to be frequency independent. The calcu-
lated s-parameters of this load measured through an ideal balun
described by (2) are shown in the bottom graph of Fig. 5. This
load measured through an ideal balun would have a scattering
matrix of

Sy = —0.0322 0.2069
m 0.2069 0.0630 | -

The scattering parameters measured through the balun by the

network analyzer are shown in the top graph of Fig. 5. The raw

reflection coefficient of theloaded balunisaround 0.1 (—20dB)

for both the balanced- and common-mode ports. The middle

graph of Fig. 5 showstheresult of the balun calibration process.
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Fig. 5. Three scattering parameters of a two-port resistive load seen through
a high-quality balun. The traces are the magnitudes of the balanced reflection
coefficient (green), the common mode reflection coefficient (blue), and the
balanced- to common-mode conversion factor (red).

At middle frequencies (10.1 MHz), measurements through the
balun resulted in

—0.0990 + 50.0305

0.1631 — 70.0196

s [ 0.1637—]’0.0142}

0.1338 + j0.0094
After the correction process, theresult is

—0.0316 + 50.0005

0.2054 — 50.0002

6 [ 0.2055 —‘7‘0.0004}

0.0625 + 50.0004

By using the balun calibration, the useful bandwidth of the
measurements is extended, and the return loss of well-matched
loads is no longer hidden by the return loss of the baluns.

Similar results were obtained with other test loads.

V1. SUMMARY

By identifying the characteristics of a balun transformer
through measuring known loads, a calibration process has been
developed to increase the accuracy and bandwidth of balanced-
and common-mode measurements. In this paper, it has been
shown that the errors in a balun transformer can be calibrated
out by measuring five known simple two-port loads and using
the results of those measurements to correct measurements of
aDUT.
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