ON-WAFER EXPERIMENTAL CHARACTERIZATION FOR A 4-PORT
CIRCUIT, USING A TWO-PORT VECTOR NETWORK ANALYZER

S. Simionl, G. Sajinl, R. Marcelliz, G. Bartolucci’

'National Institute for Research and Development in Microtechnologies,
Erou Iancu Nicolae 126A, Bucharest, 077190, Romania
E-mail: stefan.simion@yahoo.com; gheorghe.sajin@imt.ro

*CNR-Institute for Microelectronics and Microsystems, Microwave Microsystems Group,
Via del Fosso del Cavaliere 100, Rome, 00133, Italy
E-mail: Romolo.Marcelli@imm.cnr.it

? University of Rome “Tor Vergata”, Department of Electronics Engineering,
Via del Politecnico 1, Rome, 00133, Italy
E-mail: bartolucci@eln.uniroma2.it

Abstract—The paper presents an experimental method
useful to characterize a four-port circuit, using a two-
port VNA (Vector Network Analyzer). As an example,
the method is applied for a coupler. The results
obtained by using this method and the expected
results obtained by simulation are in good agreement.
Keywords: Vector network analyzer, on-wafer
measurement, scattering matrices

1. INTRODUCTION

Due to the requirements for compact size
microwave circuits, more and more parts of
complex microwave circuits are monolithically
integrated together, on the same semiconductor
substrate. In this context, many microwave
devices are experimented on semiconductor
substrate, the experimental characterization
being performed by using on-wafer technique.
For two-port circuits, a two-port VNA (Vector
Network Analyzer) may be successfully used.
For multi-port circuits, like MEMS (Micro-
Electro-Mechanical System) matrices, directional
couplers, power dividers and so on (see for
example [1]-[4]), the all scattering parameters
cannot be obtained simultaneously, by using a
two-port VNA,

The experimental characterization of micro-
wave multi-port circuits could be made by using
a two-port VNA based connectors, by matching
the other n—2 ports to 500, where n is the
number of ports. This solution may be easily
applied for hybrid circuits.

For MMICs (Monolithic = Microwave
Integrated Circuits), a characterization method
using a two-port VNA based connectors is not
longer a comfortable solution because of
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mechanical test fixtures which must be realized
(useful for experimental characterization only).
Therefore, on-wafer solutions must be developed.

One way for on-wafer characterization of
multi-port circuits is to realize a set of circuits,
each one having n—2 ports ended on 500 thin-
film resistors (see [3], for example).
Unfortunately, this technique is not more
accurately because for these loads connected to
the n—2 ports, the frequency behaviour, but also
the impedance value to a particular frequency,
cannot be known accurately.

In this paper, it is proposed an experimental
characterization method for a four-port circuit,
using a two-port VNA, when the other ports are
let open. For this method, successive re-
normalization of the circuit scattering parameters
matrix is performed, computing also the load
reflection coefficients for the open-ended ports. A
method based on re-normalization technique may
be found in [5] (see also [6]), but here the load
impedances connected to the ports (different from
500) must be known.

The proposed method is applied for a coupler
(designed in [7]), showing a good agreement
between the experimental results and the expected
ones, obtained by simulation.

2. METHOD DESCRIPTION

The proposed method to characterize a circuit
n!

2(n-2)!

performed for

having n ports consists of m =C% =

set of measurements, each

frequency.



Each set of measurements is a two-port
measurement, obtaining M scattering matrices,

Si—j.where i and j are the port number.

For a four-port (n=4), m=6 sets of
measurements must be performed, for each
frequency into the analysis frequency bandwidth.
Each set of measurements is a two-port
measurement, as it is shown in Fig. 1, obtaining
the following 6 scattering matrices Sj_j: S1_2,

S1-3,81-4,82-3,82_4and S3_4.
The scattering matrices Sj_j must be re-

normalized to the impedance corresponding to
the loads connecting to the each port (the ports
are open-ended in this method), obtaining m

scattering parameter matrices, Sj. i accordingly

to the formula:
S}-j =(I _ri—j)_l Si-j-Ti-j)

(1)
(-Tij-Si™ - U-Ti_j)

Ii O
Tij = 0 Tj ’

and Ij, Tj are the reflection coefficients to the

where

ports i and j, computed for the case when these

ports are open-ended (the reference impedance
being 50Q), while I is the unity matrix of order

two.
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Fig. 1. The possible two-port measurements (using a
two-port VNA), for a four-port circuit.
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Because each port is open, then, the load
impedances, or the reflection coefficients to the
each port are not known before. Therefore, first of
all, the reflection coefficients to the all n=4

ports, I7,...,I'4 must be computed (theoretically

these reflection coefficients are equal to 1, but
these values must be known more accurately).
These reflection coefficients may be computed,
minimizing the following functions:

S12[L1]=S;_3[L1]
S1_2[L11=S1_4[L1]
S1-2[2.21=S_3[L1]
S1_2[2,21=S7_4[L1]

where Sli_ jLL1] is the element of the Sli_ j

2

matrix from the first row and the first column,
while Sli_ jl2,2] is the element of the Sli_ j

matrix from the second row and the second
column.

It may be shown that imposing (2), the
conditions:

S1-4[2,2]=S3_4[2,2], Sp_4[2,2]=S3_4[2,2],
S3_4[L1]1=S2_3[2,2], S3_4[L1]1=S;_3[2.,2]

are also fulfilled.
In (2), the following analytical expression for

Si—j[L1] and Si—jl2.2] have been used (which

were developed from (1)):

>

Sij[L1="5 (3a)
and
' C
Si—j [2,2]=§ (3b)
where:
A=(Si_j[l,l]—ri)-(l—Si_J‘[Z,Z]-Fj)—i—
+Si_j[l,2]-Si_j[2,l]-Tj
C=(Si-j[221-Tj)-(1-Si_j[LI]-T})+
+Si_j[1,2]-Si_j[2,l]-Fi
and



B=(1-Si_j[L,1]-T{)-(1-8i_j[22]-Tj) -
=Si— j[1.2]-Sj— j[2,1]-Tj - '
Using (3) in (2) the reflection coefficients,
I7,...,T4, may be obtained.

Therefore, the all n(=4) matrices Sli_ j have

been obtained numerically with (1), so, the
matrix for the 4-port circuit having the all ports
open-ended may be constructed as follows:

S'1—2[1,1] S'1—2[L2] S1-3[L2] S1-4[L2]

§ o[22 S120221 8y 3021 S3-a012]| (4
Sl 3[21] Sp-3[21]] S1-3[2.2] S3 4[1.2]
S1-4l21] Sp_a[21] S3_4[21] S1-4[22]

Finally, the scattering matrix of the circuit
(given by (4)) is re-normalized from the load
impedances corresponding to the open ports, to
50Q, using the formula:

S=y-1) '8 -1)-ay-1s) -y -1)

where I is the unity matrix of order 4 and
-IT1 0 0 0

0 -TIp, O 0

0 0 -Iz 0

0 0 0 -TIy

=

3. EXPERIMENTAL AND
NUMERICAL RESULTS

For the validation of the experimental method
proposed in the previous section, a 4-port circuit,
in particular a coupler [7], has been
experimentally characterized, following the
algorithm presented in the previous section.

For the measurements performed on the
circuit, a network analyzer (HP 8510C) and on-
wafer probe heads station (Karl Siiss PMS5) have
been used.

These results are presented in Fig. 2, for the
magnitude of the scattering parameters Sij, S,,
S31 and S41.

The simulated magnitudes of the scattering
parameters Sy, S,;, S3; and Sy for the test circuit
are shown in Fig. 3.

Fig. 4 shows the simulated and the
experimental results for the phase difference
between the coupled port and the through port.

By analyzing Figs. 2 and 3, for the frequency
bandwidth of 10-12 GHz, the experimental
coupling is 5 dB +/- 1dB, being in good
agreement with the simulated results. The
experimental input return-loss and isolation are
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Fig. 2. Experimental scattering parameters, for the
4-port test circuit (a coupler).
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Fig. 3. Simulated scattering parameters, for the 4-port
test circuit (a coupler).
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Fig. 4. Simulated and experimental phase difference
between the coupled port and the through port of
the coupler considered as a test 4-port circuit.



better than 20dB for the same frequency
bandwidth, a good agreement between simulated
and experimental results being also observed.
From Fig. 4, the experimental phase is 80-100
deg. for frequencies between 10.25-11.5 GHz,
the simulated results being closed to them.

4. CONCLUSIONS

An experimental technique to characterize a
4-port using a two-port VNA, has been proposed.
For this method 6 sets of two-port measurements
must be performed, while the other ports may be
let open. The method is applied for a 4-port test
circuit (a coupler), showing a good agreement
between the experimental results and the
expected ones, obtained by simulation. For a
number of ports greater than 4, the difficulties of
applying this method is expected to grow
substantially.
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