Application Notes

Microwave Connector Characterization

B Mark A. Goodberlet and James B. Mead

oaxial connectors can be used either to probe the elee-
(e

microstrip, stripline) or as a permanent interface to
the circuit. When used as a permanent interface, connectors
can degrade circuit performance unless their electrical prop-

trical properties of microwave circuits

erties are characterized and accounted for during circuit
design. A convenient way to characterize connectors is with
the circuit model shown in Figure 1, which utilizes imped-
ance parameters [1] Z; , described by

V,
Zij = 7 or (L = 0.k j), M
/

where V; and [; are voltages and currents with convention-
al directions as showrn in Figure 1. Although it is more com-
mon to characterize microwave devices using scattering
parameters [1] 5;;, we have chosen to utilize impedance
parameters since they simplify the derivation of cquations
presented in this article. Conversion between these parame-
ter types is straightforward [2]. Note that the Z;; have real
and imaginary parts. both of which are functions of
microwave frequency, and that the Figure 1 representation
is valid only for reciprocal (ie, Zy; = Z3;) devices [1],
such as connectors.

Conventional methods of obtaining Z;; for a connector
include use of a three-dimensional (3-D) electromagnetic sim-
ulator [3], fitting measured data to simple-circuit approxima-
tions of the connector [4], |5, and generalized deembedding
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{two-ticr calibration) [6], {7]; all of which are typically more
complicated or costly to implement than the method
described in the following.

The proposed measurement-based method for connec-
tor characterization is exact in the sense that its theoretical
foundation uses no approximations or assumptions.
Implementation of the method begins with construction of
simple microwave networks, each consisting of a trans-
mission line (T-line) terminated at both ends by the con-
nector. Using the Figure 1 circuit topology to represent
both the connectors and the T-line results in the Figure 2
representation for the network, where

A = 7y — Z3) (connector Z-parameters),  (2)
B = Zx — 721 (connector Z-parameters), (3)
C 7o (connector Z-parameters),  {4)
E = Zy — Zy (T-line Z-parameters), )]
F = Zyn (T-line Z-parameters). (6)

Figure 1. Equivalent circuit representation for reciprocal Fwo-
port device.
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Figure 2. Connector characterization nefwork representation,

Closed-form expressions relating the network Z-parameters
to the connector parameters (A, B, C) are derived in the fol-
lowing. These exprescions, together with actual measure-
ments of the network Z-parameters, comprise a system of
equations from which a solution for (4, B, C) is possible.

Theoretical Foundation

Derivation of expressions that relate network Z-parameters to
connector Z-parameters begins with the following observa-
tions about Figure 2:

1) Since an ideal T-line is both reciprocal and symmetric
{Z11 = Zp), it follows from Figure 1 that only two
unique impedance blocks, (E and F), are needed to
model the T-line.

2) The Z-parameters of the T-line can be accurately calcu-
lated from theory [8].

3) Since the entire network is both reciprocal and symmet-
ric, it can be represented by the equivalent circuit shown
in Figure 3 where

o
It

Z11 — Zz1 (network Z-parameters) (7)

K =7mn (network Z-parameters). (8)

Applying (1) to the Figure 2 circuit results in expressions
for [ and K that are functions of the connector parameters
(A, B, C). These expressions, together with measurements
of ] and K, comprise a system of two equations in the three
unknowns, (A, B, C). A unique solution for (A, B, C)
requires a third equation, which can be formed using mea-
surements of a second network. This second network must
be different from the first, and this difference can be
achieved by simply using a different length of T-line.
Henceforth, these two networks will be referred to as #1
and #2. Solutions for (A. B, C) derived in this manner can
be written as follows:
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Figure 3. Two-port representation of the Figure 2 network.

where the subscripts on E, F, ], and K identify the network, and

P=(F—-F +{&-E), (12)

Q= (P -/ -§8)n (13)
F F

R— L 4 2 (14)
2K, | 2K»
P E

5 — . (15)
Ki K

X =5 — R%, (16)

Y = S(F Ky + F2Ka) + 20QR, a7

Z = QF — (F )2, (18)

The £ operations in (9) and (10) will generate a set of eight
solutions for (A, B, C). Selecting the appropriate solution and
other steps of the connector characterization procedure are
discussed next.

Experimental Method
Experimental aspects of the proposed connector characteriza-
tion procedure are:

1) Design and construct two connector characterization
networks of the type shown in Figure 2; each with a
different length T-line. The T-line impedance (ie.,
width) should be the same as that used on the circuit
board targeted for connector use.

Define the connector phase-reference planes. The phase-
reference plane for the coax-side of most connectors is
standard [9]. However, location of the phase-reference

=

plane for the hoard-cide of the connector is somewhat
arbitrary (see the connector characterization example in
the following for our recommended location).

3) Use equations described elsewhere {8] to calculate Z-
parameters for the T-line in network #1 and convert
them to values of (Eq, [} using (5) and (6). Similarly,
calculate { Ez, F2) for the T-line in network #2.

4) Measure 5-parameters (magnitude and phase) for each
network.

5) Insure that the S-parameters measured in 4) are both
reciprocal and symmetric by setting 532 = Sp; and
522 = S11. Alternatively, set 5p = Sy = (511 + 522)/2
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and 513 = Sy = (512 + 521)/2, which may have
the added benefit of improving solution accuracy by
reducing measurement noise.

6) Convert S-parameters that were calculated in 5) to Z-
parameters and then to values of (1, Ky} and (b, K2)
using (7) and (8).

7y Use values of (E1, F) and (E3, I2) calculated in 3)
along with ( J, Ky) and Kz from 6) in (9)-(18) to obtain
cight solutions for (A, B, C).

8) Convert values of (A, B, C) computed in 7) to Z-
paramcters using (2)—{4), resulting in eight characteri-
zation solutions for the connector.

9) Tdentify the correct solution using the selection meth-
ods discussed in the following section.

10} Repeat steps 3-9 for each measurcment frequency.

Solution Selection

For the maost part, the correct solution for the connector
Z-parameters can be identified from the eight possible solu-
tions discussed previously by enforcing conservation of
power for a passive two-port device [1].

ISP+ 15012 <1, (19
1Sn P+ 152F <1, (209
where the complex number opcration, | - |2, is magnitude

squared. The additional needed selection criteria are dis-
cussed next.

TABLE 1. Microwave circuit board specifications.

Board material Rogers Comporation, RT-5880

Substrate thickness 051 mm
Substrate dielectric constant 220 1/ -002
SubsTate dissipation factor 0.uo0Y

Copper dadding thickness

0018 mm (1/2 cz)

Figure 4. Connector #140-0701-881 (gold) attached to
mictowave circuit board (gray). Also shown are a circuit frace
and conrcctor mounting pads, both efched from top-side copper
(green} on the board.
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In general, the eight connector solutions can be orga-
nized into four pairs. The solutions in any particular pair
differ only by the sign of Z;1 or equivalently, by a 180° dif-
ference in through-phase £ 52;. Tests (19) and (20} will gen-
cratly eliminate only three of the four solution pairs. The
reason that a solution-pair rather than a single solution
remains after the tests is explained as follows. Microwave
measurement and analysis typically confines Z 52y for any
device to the range [ =180%, + 1807]. With this restriction in
mind, note that the through-phasc of the Figure 2 network
is unchanged if the through-phase for each connector is
changed by 180°. It is therefore a fundamental limitation of
our method that connector through-phasc will be deter-
mined with an ambiguity of 180” (i.e., the method produces
two characterizations for the connector). In many applica-
tions, this ambiguity is irrelevant. However, the large size
of the ambiguity should make it easy to select the correct
solution when 7521 does matter.

‘The solution pairs for the connector can be numbered (e.g,,
1-4). However, one cannot expect that the pair containing the
correct solution will always correspond to a specific num-
bered pair. Generally, one should use tests (19) and (20) to
select the solution pair instead of trying to identify a selection
pattern based on solution pair numbering. If solutions at mul-
tiple frequencies are to be calculated, then enfotcing continu-
ity of /51 from frequency-to-frequency helps identify the one
correct solulion, An exceplion W this continuous through-
phase test is when 2571 jumps by 360” as a result of the con-
ventional [—1807, +1807] limitation for expressing /57).

Our experience indicates that occasionally, (for ~10% of
solutions) the tests in (19) and (20} will eliminate only two
of the four solution pairs. A third solution pair can usually
be eliminated by imposing a lower limit, in addition to the
current upper lHmit, for tests (19) and (20). This new restric-
tion sets a lower limit for the absorptive loss of the connec-
tor and values of about 1 dB (0.8 linear) have worked well.

On occasion, tests (19) and (20) will eliminate al! four
solution pairs. This is usually a sign that either 1) the labora-
tory measurements of the Figure 2 networks are insufficient-
ly accurate or 2) insufficient care was used to assemble the
networks (e.g., connectors not consistently soldered to the
board). The tormer problem requires recalibration of the lab-
oratory test equipment. The laller problen can be partially
corrected by the actions described in step 5) of the experi-
mental method, However, every effort should be made to
attach connectors to the circuit board in a consistent manner.
Construction and use of several characterization networks is
also good practice, both as a cross-check of results and
because some networks may provide more accurate solu-
tions at specific frequencies than others.

Connector Characterization Example

The board-edge SMA connector, part# 142-0701-881, made
by Johnson Components Inc., Waseca, Minnesota, was
used to interface with 16-GHz microstrip circuitry on a
board described by lable 1. Connector attachment to the
board is described by Figures 4 and 5, which show copper
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W L Circuit Trace

nector and board thickness. The
phase-reference plane for the board
side of the connector was chosen to
be 5.16 mm from the board edge (see
Figure 5), because this is where the
microstrip trace with 1.57 mm width
and 50 € impedance begins. T-lines
used in the bFigure 2 characterization
networks were also 50 @ and were
chosen (somewhat arbitrarily) to have
lenglhs of 44.02 vun anwd 40.77
Characterization of connector
#142-0701-881 on the RT5880 board
was performed using the experi-

mental method described previous-

ly. Resulting S-parameters over the

Figure 5. Top view of circuit bourd showing circuit trace and connector mounting pads

{dimensions in mm).

RREA

Figure 6. Derived S-parameters for connector 142-0701-881.

pads on the top side (circuit side} of the board to which the
connector housing is soldered. The connector housing is
also soldered to the copper ground plane on the bottom
side of the board. Dimensions of the connector pads are
those recommended by Johnson Components for this con-
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frequency range of 12.5-18.5 GHz
are shown in Figure 6.

Conclusions
The concepts discussed in this paper
are closely related to the topic of
deembedding  [6]. However, the
usual focus of deembedding 1s to measure electrical
properties of a device-under-test (DUT); the connec-
tors/ probes being simply an interface mechanism
that can add error to the DUT measurement process.
As such, some deembedding techniques do not
explicitly characterize the connectors/probes and
instead simply remove or calibrate out their effects
[7]. Another feature that distinguishes our method
from typical deembedding is that it utilizes two-
port rather than one-port measurements. Classical
one-port deembedding [6], [7] requires use of three
calibration loads, which are typically a short, open,
and resistive (50 Q) termination. When these loads
must be implemented using microstrip or stripline,
their electrical characterization is difficult, which in
turn makes accurate deembedding difficult. In com-
parison, our proposed method utilizes T-line sec-
tions instead of loads whose construction and char-
acterization seem far casier and more accurate.
Furthermore, the fact that our characterization net-
work (sec Figure 2) consists of two back-to-back
connectors suggests some redundancy of measure-
ment, which has heen shown to reduce error [6].
One deembedding method {10] utilizes multiple
T-lines in a manner similar to that proposed in this
article, however, use of this method is restricted by
certain simplifying assumptions {e.g., Z1; = Z2). In
this regard, it is noted that our proposed connector
characterization method can be simplified to use

only one T-line network instead of two when assuming
711 = Zp3 for the connector. However, as originally present-
ed, our method does not utilize simplifying assumptions.
In summary, a measurement-based method for charac-
ferizing microwave connectors used in board-to-coax
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interfaces has been presented. Implementation is straight-
forward, and closed form caiculations lecad to rapid
computation of the results. One should bear in mind that
a connector characterization is typically valid only for a
specific board type, board thickness, circuit trace width,
and connector mounting pad geometry. When any of these
factors change, a new connector characterization experi-
ment must be performed.
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