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ABSTRACT: In this paper, the deviation generated by actual multiport vector network analyzer (MVNA) hardware specification is derived.
Based on the error flowchart of the n-port VNA, the generalized matrix expression of the raw scattering parameters for each error term
is solved by introducing the generalized node method. Combined with incremental method, the generalized matrix expression of the
final relative scattering parameter measurement deviation is calculated after ignoring the infinitesimals above the second order. Thus,
the method of variable controlling is applied to make difference so that the deviation associated with every error term can be obtained.
The validness and effectiveness of this method are verified by utilizing Agilent N5230C to measure a 20 dB direction coupler. The data

is processed with an algorithm in MATLAB.

1. INTRODUCTION

Due to the wide application of RF and microwave devices
in the fields of wireless communication, vector network
analyzer (VNA) has become one of the most essential measur-
ing instruments in microwave engineering. To realize such a
goal, software and hardware-related improvement should both
be made.

Enhancing the accuracy of measurement in the aspect of soft-
ware is an excellent choice of cost performance [1-8]. The
first commercial calibration standard was proposed in 1968,
which is based on a 12-term model of error propagation. This
short-open-load-through (SOLT) calibration method has be-
come popular even to this day [1], with all included terms
mapped to 12 hardware specifications. However, the general
situation where the calibration sets are non-ideal is supposed
to be taken into account because their reflection coefficients
would usually deviate inevitably from the ideal specifications
[9-13]. Intuitively, to optimize the effectiveness and efficiency
of calibration, the contributions of the nonideality of reflection
coefficients were derived by Stumper in SOLT calibration pro-
cess applying the partial derivative method in [2, 3]. But there
is not much literature on multiport VNA (MVNA) published
until the late 1990s [11-17] because of its complex structure.

Similar to two-port VNA, effort in terms of hardware should
also be made, whose expense is much higher than that related
to software though. In attempt to find a considerably cost-
effective solution to improve the MVNA performance at the
hardware level, the deviation related to MVNA hardware spec-
ification contributor can be derived, served as a guidance to ef-
ficiently clarify the prior hardware MVNA parts, so that those
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less demanding could then be processed with less rigorous stan-
dards.

In this paper, deviation analysis of MVNA hardware
specification-related nonideality is conducted. Based on
the error model of the n-port MVNA, the generalized matrix
expression of the raw S-parameters for each error term is calcu-
lated by introducing the generalized node method. Combined
with incremental method, the generalized matrix expression of
the final relative scattering parameter measurement deviation
is calculated after ignoring the infinitesimals above the second
order. Statistical analysis is done, and a demand priority of
MVNA specifications is presented as a cheap yet efficient
guidance to design MVNA.

2. CONTRIBUTORS OF DEVIATION

2.1. The Corresponding Relation between MVNA Hardware
Specification and Terms of Error

As shown in Fig. 1, a 3n%-term error flowgraph is considered
in GSOLT calibration for MVNA, including the forward and
reverse directivity errors (Ep,/;) generated by the directivity
nonideality of the coupler/power divider inside MVNA, for-
ward and reverse reflection tracking errors (Eg;/;) caused by
electric length difference of the receiver channels of Port ¢ and
Port j, forward and reverse source match errors (Eyg;;), for-
ward and reverse transmission tracking errors (Erj;/;;) caused
by untracked changes of frequency-dependent amplitude/phase
and the electric length of two channels, forward and reverse
load match errors (£ ;;/;;) caused by mismatch of the un-
excited port and, at last, forward and reverse crosstalk errors
(Exji/i;) at Ports 1 and 2, respectively. By applying GSOLT
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FIGURE 1. 3n? error term model of MVNA (4, 5 € [1,n], i # j).

calibration steps, all mentioned error terms can be measured
and so does S-parameters S,/ -

According to the definition of scattering matrix, an equation
set can be obtained as

By applying Equation (1), scattering matrix [S] can be ex-

pressed as

[Erri] {ﬂ - [EDXi]}

= (S1{T. + [Eszi) (Brrd ™ (Smi = [Epxil) } @)

In the end, its analytical expression is
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2.2. Influence on Raw Measured S-Parameters

It is easy to tell that the traditional derivate method for two-
port VNA deviation analysis would be infeasible in the case of
MVNA deviation analysis. High order inverse operation of ma-
trix is required. An alternative method is herein introduced to
efficiently calculate the hardware-related deviations of MVNA.

In actual measurement of the device/network under test
(DUT) utilizing MVNA, the raw measurement S-parameters
Swmii/ji/jj/i; can be measured first before calibration, which
makes them considered as known values. By applying GSOLT
measurement steps (not calibration steps), all the error terms xy,
can be calculated and, naturally, should be treated as known val-
ues. After serving GSOLT calibration steps, the final/calibrated

[bi] = [S] [ai]
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S-parameters S.;;/;i/;5/i; can also be measured. After the
preliminary preparation, a flowgraph of alternative operation
model is established, as shown in Fig. 2. According to general-
ized nodal theory, the raw generalized scattering matrix can be
expressed as

Smii = My = Ep; + EriH; (1 — Eg;H;) ™"

[smji] =[exa]+[Mji] = exi|+[er:] [Gi] (1— Es; H;) ™
i, j=1l~mnandi#j

and in which

My = Epi + EgiH; (1 — Eg;H;) ™", J
[Mji] = leri] [Gi] (1 — Es;H;) ™

16 = (o ryensy —fenil i) lssi,
H; = S + [si;] [er] [Gi]

“)
and generalized raw transmission matrix [s,,;], generalized fi-
nal transmission matrix [s;;;], generalized crosstalk error ma-
trix [ex;], generalized crosstalk error matrix [er;], and gener-
alized crosstalk error matrix [er;] are
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As the nodal expression is given, the deviation caused by
individual errors can be obtained by simple differential method

uical
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while Sm"” /[s ifj i ] and Smkzz / [sijﬂ ] represent the calcu-
lated raw measured S-parameter (by Equation (2)) based on real
(zre!) and ideal (z9°%!) values of every error term x, respec-

tively.

2.3. Influence on Final Measured S-Parameters

However, the corrected/calibrated S-parameters matter more
because most deviations have been removed during calibration.
So, remaining deviations of corrected S-parameters need to be
reconsidered.

Considering the complex Equation (3), the incremental
method and generalized nodal equation are combined to
analyze MVNA hardware-related deviation, which, to some
extent, is an approximation after ignoring infinitesimals
above the second order. By applying incremental method to
Equation (1), we have

[bi] + [Ab;] =[S + AS] ([a;] + [Aai])
la;] + [Aag] = [L] + [Espi + AESLJ

[Erri + AEgri] ™" ([Smil — [Epxil)  (7)
[b:] + [Ab;] = [Errs + ABgri) "

{Smi — [Epxi + AEDx;|}

while A represents the increment.
A difference function set can be obtained by subtracting
Equation (1) from (7), which can be ultimately expressed as

di (@1)" A [Epxi]
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and in which ®
[ai] = {[I]nxn - ESLZ S } 1

[A] = [lai] -~ [an] } ; dm E [D] [A] '
while ASk; (AE;) represents the deviation of Sg; caused by
every error terms. (EZ represents the k" row vector of matrix

[Ci) = {[S] [Eswi] — (11} [Brr]
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FIGURE 3. Measurement photograph. (a) DUT. (b) Agilent N5230C.
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FIGURE 5. Deviations of raw measurement S-parameters. (a) Port 1 excitation. (b) Port 2 excitation. (c) Port 3 excitation. (d) Port 4 excitation.
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3. EXPERIMENTAL MEASUREMENT

An MVNA (Agilent N5230C, as shown in Fig. 3(a)) is utilized
to measure the DUT (a 20 dB direction coupler with known
specifications, as shown in Fig. 3(b)). The MVNA is GSOLT-
calibrated with calibration kit Ceyear AV20206. First, to verify
the correctness of Equation (1), the calculated (Calc S,,;i/;:)
and measured (Mea S,,,;;/;;) raw S-parameters are plotted in
Fig. 4. It is obvious that the calculated and measured results
match well, which confirmed the correctness of Equation (1).
The raw measurement deviations associated with error terms
with different ports excited are extracted applying Equation (4)
and shown in Fig. 5.

79

For the case of return loss S;,,11, single port-related relative
deviations are much more significant than other terms, about
—20 to 20 dB. For transmission loss S;,,21 /31 /41, the multiport-
related relative transmission tracking errors are dominant fac-
tors that contribute to deviations, fluctuating from —20 to 0 dB
while the load match errors are the second factors.

And, naturally, Equation (6) ought to be verified for effec-
tiveness first, as a perquisite for the following analysis. The
calculated (Calc Sc;;/;;) and measured (Mea S.;;/;;) final S-
parameters are plotted in Fig. 6. The deviations of final S-
parameters are calculated after the MVNA is calibrated, as dis-
played in Fig. 7. After the GSOLT calibration, most deviations
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TABLE 1. Comparison for raw and final deviation.

MVNA
S parameter | Main contributor | Secondary contributor
Raw deviation Simii Enr; Erji
Smji Erji Erji
S parameter | Main contributor Erji
Final deviation Seii Er; Erji
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