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Abstract — A useful technique is presented for on-wafer 

characterization of n-port devices, when measurement 
accesses are of unequal length and when a m-port vector 
network analyzer is used with m<n. The n-m unused probing 
ports are left unterminated to simplify the measurement 
setup. The elimination of parasitic reflections arising from the 
unterminated ports and the deembedding of access 
contributions are performed from three measurements on two 
additional test patterns only. This method is demonstrated 
through the characterization up to 40 GHz of an 8-port Butler 
matrix using a 4-port vector network analyzer. 

Index Terms — Butler matrix, Deembedding, Millimeter 
waves, Multiport measurements, On wafer measurements, 
Port normalization, S-parameter measurement. 

I. INTRODUCTION 

The microwave characterization of a device on its own is 
an essential step before considering its implementation 
within a circuit or a system. However, difficulties to reach 
accurate performances can result from the test setup, 
especially when a multiport circuit is considered. 

Without a specific and expensive n-port vector network 
analyzer (VNA), the full characterization of the n-port 
device is usually performed from several partial 
measurements involving a 2-port or a 4-port conventional 
VNA and matched loads as terminations of the remaining 
ports. From this methodology, the characterization of an 
n-port device using a m-port VNA (m is assumed to be 
even) with m < n, requires n (2n ˗ m) / m2 partial 
measurements to acquire all the coefficients of the n×n 
scattering matrix. 

However, this technique is not perfect and leads to 
measurement errors as it is impossible to present an ideal 
50 Ω termination on each unused port. Matched loads 
connected to RF probes bring some frequency-varying 
return losses, and lead to practical probing complexities 
while on-chip 50 Ω terminations remain inaccurate and 
costly when such a solution is possible. Then, another 
solution that works very well with passive devices is to 
leave all unused ports unterminated, and to acquire a set of 
measurements whose values will be deliberately affected 
by the multiple reflection errors coming from these 
mismatched unterminated ports. These reflections lead to 

inconsistent S-parameters from a sub-matrix to another one, 
but the consistency can be recovered by considering the 
impedance of each port and by following several 
renormalization steps, as fully described in [1]. The 
resulting S-parameters then correspond to those that would 
have been measured if all ports were terminated with 
matched loads. To complete this method, the precise 
knowledge of the reflection coefficient at each 
unterminated port is essential for reaching accurate 
measurements [1]-[2]. In addition, when an on-wafer 
multiport device is to be characterized, those ports usually 
consist in Ground-Signal-Ground (GSG) or GSGSG pads 
connected to the DUT through access lines of different 
length. Then, several test patterns have to be included 
beside the DUT to evaluate the impedance provided by 
unterminated ports and to deembed the contribution of each 
access line. 

This paper presents such a technique for the on-wafer 
characterization of multiport circuits, that minimizes the 
number of measurements as well as the number of required 
additional test patterns. The method is detailed in section II 
and it is applied in section III, for the on-wafer 
characterization of an 8-port Butler matrix, up to 40 GHz. 

II. MULTIPORT MEASUREMENT TECHNIQUE 

The proposed multiport characterization method is 
summarized in Fig. 1, when applied for the 8-port device of 
Fig. 2 (nevertheless, this method may be applied to any 
n-port device, regardless of n). Within this example, four 
different line lengths are used for connecting probing pads 
of the test fixture (labels "P") to inputs and outputs of the 
DUT (located into "Ref. Plane 2"). In these conditions, the 
8×8 S-matrix of the DUT is reached from measurements of 
the six 4×4 submatrices, in addition with measurements 
performed on both lines of Fig. 3.  

Let Zopen be the impedance of an unterminated pad, this 
impedance being seen from the "Ref. plane 1" location 
(Fig. 2). Considering this, the reference plane of all partial 
4-port measurements has to be moved toward "Ref. 
plane 1". This operation is carried out by deembedding the 
probing pads contributions. The 8×8 matrix cannot be 



reconstructed yet because the "Ref. plane 1" is terminated 
by Zopen at unused pads while being terminated by 50 Ω at 
deembedded measurement ports. The reference impedance 
is thus inconsistent between sub-matrices. The next step 
then consists in the renormalization of the reference 
impedance of the 4-port sub-matrices from 50 Ω to Zopen. It 
is performed by using the following expression [1]: ࡿᇱ = ࡵ) − ࡿ)ଵି(ࡿ − ࡵ)(ࢀ − .ࡿ ࡵ)ଵି(ࢀ −  (1) (ࡿ

where S is the original scattering matrix normalized to a 
given set of port impedances ζi (i=1 to n). S’ is the 
transformed scattering matrix normalized to a new set of 
port impedances Zi (i=1 to n). I is the n×n identity matrix. 
Τ is the n×n diagonal matrix containing the reflection 
coefficient Tii of the loads Zi referenced to the initial 
impedances ζi. When renormalized relatively to Zopen, the 
six sub-matrices can be used to form the global 8×8 matrix 
of the DUT including access lines [1]. 
 

 
Fig. 1. Illustration of the deembedding procedure. 

 

 
Fig. 2. Test fixture schematic for an 8-port DUT. 

 

  

(a) (b) 

Fig. 3. (a) Schematic of the lines L1 and L2 including pads, and (b) 
lumped models of both pads. 

 
Once the complete matrix of the circuit is built and 

renormalized back to 50 Ω using (1), the influence of the 
access lines can be removed. This new operation of 
deembedding is carried out by using the additional 

measurements done on the transmission lines L1 and L2 
defined in Fig. 3(a). Only two test patterns are required to 
perform all deembedding steps (i.e. removing the 
contribution of probing pads and of access lines). Both lines 
must exhibit the same characteristics than the ones 
interfacing the DUT, and they are used to extract the 
following parameters of the test fixture:  

- propagation constant γ  and characteristic impedance 
Zc, of the access transmission lines; 

- the equivalent lumped-based pad model when the RF 
probe is in contact (Fig. 3(b)); 

- The impedance Zopen provided by an unterminated pad. 
The extraction of these parameters is described hereafter. 

The method is derived from [3]. 
First, the ABCD matrices M1 and M2 of the two lines are 

derived from measured scattering matrices, as follows: ࡹ૚ = ቀ݉ଵଵ ݉ଵଶ݉ଶଵ ݉ଶଶቁ =  (2) ࡮ࢀ૚࢒ࢀ࡭ࢀ

૛ࡹ = ቀ݌ଵଵ ଶଵ݌ଵଶ݌ ଶଶቁ݌ =  (3) ࡮ࢀ૛࢒ࢀ࡭ࢀ

where TA and TB are the ABCD matrices of the two pads. 
These can be written as: ࡭ࢀ = ቀ1 ܼܻ ܻܼ + 1ቁ and ࡮ࢀ = ቀܻܼ + 1 ܼܻ 1ቁ. (4) 

Since both transmission lines differ only in length, they 
display both the same propagation constant γ and 
characteristic impedance Zc. Their respective matrix Tl1 and 
Tl2 are expressed as follows: 

૚(૛)࢒ࢀ = ቌ cosh൫݈ߛଵ(ଶ)൯ ܼ௖ sinh൫݈ߛଵ(ଶ)൯1ܼ௖ sinh൫݈ߛଵ(ଶ)൯ cosh൫݈ߛଵ(ଶ)൯ ቍ (5) 

Both patterns are symmetric, so m11 = m22 and p11 = p22 
are observed. By using this assumption, if we rewrite (2) 
and (3) in the form ࡹ૚(૛)ି࡮ࢀଵ = (૛࢒)૚࢒ࢀ࡭ࢀ , and expand 
each term, we are able to derive the coefficients m12, m21, 
p12 and p21 as a function of Tl1(l2) and TA(B) matrix 
coefficients, as well as m11 and p11 values. The obtained 
expressions are rewritten in a matrix form as follows: 

ቀ݉ଶଵ ݉ଵଶ݌ଶଵ ଵଶ݌ ቁ = ൮࡭ ܻ ܼ1 + ܻܼ1 + ܻܼܼ௖ ܼ௖1 + ܻܼ൲ (6) 

where matrix A is defined as ࡭ = ൬cosh(݈ߛଵ) + ݉ଵଵ sinh(݈ߛଵ)cosh(݈ߛଶ) + ଵଵ݌ sinh(݈ߛଶ)൰ (7) 

The expression (6) is solved for Y, Z and Zc by inverting 
the matrix A and knowing M1 and M2. The propagation 
constant γ is extracted beforehand from M1 and M2 by using 
the method proposed in [4].  
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The impedance Zopen of an unconnected probing pad is 
assessed as follows. Let Zmeas be the 1-port measurement of 
test pattern L1 (or L2). Zopen is then the termination 
impedance of a 2-port network constituted by the probing 
pad modeled by Y and Z followed by the transmission line 
of length l1 characterized by Zc and γ. This 2-port network 
is expressed by the ABCD matrix T: ࢀ = ૚࢒ࢀ࡭ࢀ = ቀݐଵଵ ଶଵݐଵଶݐ  ଶଶቁ (8)ݐ

Zopen is retrieved by removing the contribution of the 
2-port network T from Zmeas data: ܼ௢௣௘௡ = ଶଶܼ௠௘௔௦ݐ − ଵଵݐଵଶݐ −  ଶଵܼ௠௘௔௦ (9)ݐ

III. RESULT ON A 8-PORT BUTLER MATRIX 

The method is applied to the characterization of the 
8-port 4x4 Butler matrix described in Fig. 4. The circuit has 
been designed to address 5G beamforming applications in 
the 25 – 29 GHz frequency range. In theory, insertion 
losses of 6 dB are observed from input ports 1 to 4 toward 
output ports 5 to 8. A phase shift Δφ of -45°, 135°, -135° 
and 45° between outputs is obtained when the excitation 
source is switched from port 1 to 4, respectively. 

 

 
Fig. 4. Block diagram of a 4×4 Butler Matrix. 

 

 

Fig. 5. SEM picture of the 8-port Butler matrix. 

The Butler matrix, shown in Fig. 5, has been fabricated 
using a dedicated technology that enables the manufacture 
of 3-D solenoids [5]. The eight internal ports of the Butler 
matrix are connected to dual ground-signal-ground 
(GSGSG) coplanar pads through CPW lines of different 
length. These CPW lines have also been integrated next to 
the circuit through two test structures of 400 µm and 
1600 µm-length in order to implement the aforementioned 
method. The measurements have been performed using a 
Keysight N5247A PNA-X 4-port vector network analyzer 
(VNA) from 10 GHz to 40 GHz using several GSG and 
GSGSG 150 µm Cascade Infinity RF probes.  

 

Fig. 6. Recovered Butler matrix (dots) and simulated (full lines) 
transmissions between port 2 and the output ports 5 to 8. 

 

 
Fig. 7. Recovered Butler matrix (dots) and simulated (full lines) 
phase differences between outputs 7-5, 6-7 and 8-6 for an 
excitation applied at port i (i=1 to 4).  
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The deembedded measured performances of the circuit 
are plotted in Fig. 6 and Fig. 7 for the case of an excitation 
source applied on port 2. One can notice the good 
agreement between measurements and electromagnetic 
simulations. From 15 to 28.5 GHz, the differences are kept 
below 1.3 dB for insertion losses and 8° for phase 
differences. However, the measured bandwidth of the 
circuit is slightly reduced from the high frequency side for 
some of the parameters (S52, S72, S82 and S22). For them, the 
frequency shift is of 1.5 GHz starting at 29 GHz. It may be 
traced to a process variation on the copper lines fabrication 
modifying interwire capacitors values. 

Finally, it can be noticed that the points representing the 
measurements in Fig. 6 and Fig. 7 are not regularly spaced 
according to the frequency. From these results, we have 
effectively removed all data parts identified as aberrations 
in order to properly compare the measurements with 
simulations. Fig. 8 shows these aberrations on the 
parameters S62 and S22. At some frequencies, the results 
deviate from what could be expected and lead to several 
unphysical peaks. This problem originates from the matrix 
inversions needed in the renormalization expression (1). It 
has been known for many years and has not yet found a 
completely satisfactory solution [6]-[9]. 

 

Fig. 8. Magnitude and angles of S62 and S22 parameters to illustrate the
numerical instabilities caused by the renormalization process. 

 
The amplitude and periodicity of these numerical 

perturbations mainly depend on the reflection coefficient of 
auxiliary terminations in conjunction with measurement 
errors. In addition, lower the devices losses, higher the 
impact of this dispersions on device performance. A 
smoothing procedure as suggested in [7] could improve 
accuracy on results. [9] proposed another measurement 
procedure that assigns a variable reflecting coefficient at 

one port of the device to minimizes numerical instability. 
Based on the work of Chen [6]-[9], we plan to investigate a 
procedure that could minimize these numerical 
perturbations. 

IV. CONCLUSION 

This paper proposes a method to characterize a linear 
n-port device with a m-port VNA (with m < n). The n×n 
S-matrix of the device is built from n (2n - m) / m2 m×m 
sub-measurements. As a significant simplification, because 
the number of measurements to be considered, all the ports 
of the DUT that are not connected to the VNA are left open. 
Moreover, by adding only three extra measurements on two 
2-port test patterns (transmission lines of different lengths) 
it becomes possible to deembed access lines of unequal 
lengths. The method is finally applied to the on-wafer 
characterization of an 8-port Butler matrix. The good 
agreement observed between simulations and 
measurements validates the entire methodology. 
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