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A Novel Calibration Algorithm for a Special Class
of Multiport Vector Network Analyzers

Andrea Ferrero, Senior Member, IEEE, Valeria Teppati, Member, IEEE,
Marco Garelli, Student Member, IEEE, and Alessandra Neri

Abstract—A new error model for a special class of multiport
vector network analyzers (VNAs) is presented in this paper. This
model can be applied to multiport network analyzers with non-
complete reflectometers, i.e., when the measurement of the inci-
dent waves at each port is not always available. The method used
to compute the error coefficients proposed here is based on a com-
pact and easy formulation. This method is an extension of the al-
ready existing general theory for complete reflectometer multiport
network analyzers. Furthermore, the new error model generalizes
the theory for three-sampler two-port VNAs. The proposed model
has been tested against the complete reflectometer one and exhibits
the same accuracy level.

Index Terms—Calibration models, multiport network analyzer,
multiport network analyzer calibration, vectorial error correction,
vector network analyzer (VNA), VNA calibration.

I. INTRODUCTION

ITH THE recent outstanding increase in the speed and
Wcomplexity of digital systems and circuits, multiport
characterization at microwaves and millimeter waves is under-
going an impressive increase in demand and importance. From
the initial (somewhat limited) multiport monolithic microwave
integrated circuit (MMIC) scope, the application of multiport
techniques is shifting towards computer technologies: digital
integrated circuits (ICs), microprocessors, high-speed printed
circuit board (PCB) interconnections, and signal integrity [1].
The main requirements of these new applications are easily
summarized as follows:

* large number of ports;

¢ reduced test costs;

* accurate and fast measurements;

* custom calibrations, to minimize the standard sequence.

In the early 1980s, the first multiport characterizations were
performed with multiple (round robin) measurements with two-
port vector network analyzers (VNAs) and matched loads on the
unused ports [2]-[5]. These techniques are still in use today. Al-
though it is possible to take into account the nonidealities of the
matched terminations [6], [7], the procedure is cumbersome and
the accuracy is affected by the multiple connections required.

Another approach is the use of multiport network analyzers
[8], [9]. There are many possible ways of realizing multiport
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Fig. 1. (a) Complete reflectometer multiport architecture. (b) Example of the
reduced architecture.

VNAs [10], ranging from the simpler architectures, based on
a two-port network analyzer and complex switch matrices, to
the more complex ones, with one source and a complete reflec-
tometer for each port, like the one shown in Fig. 1(a). The latter
offers the best calibration flexibility, but it is also the most ex-
pensive.!

A good compromise, in terms of cost and complexity, is the
noncomplete reflectometer architecture, shown in Fig. 1(b). This
solution has been successfully applied to the currently available
high-end commercial multiport VNAs [11].

This architecture has two reference channels and one mea-
surement sampler for each port. Not all the incident waves are
measured at the same time, which is an advantage in terms of
speed, but a drawback in terms of flexibility. There are no gen-
eral approaches for the calibration of these systems, i.e., they
are specified for a fixed number of ports (typically 4 or 8), and
use redundant standard sequences [10], [12].

In this paper, we will present an extension of the complete
reflectometer multiport error-model [13] to the noncomplete re-
flectometer architecture, which allows flexible and customiz-
able standard sequences.

IRohde&Schwarz, Munich, Germany, Vector Network Analyzer R&S ZVA,
2006.
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Fig. 2. (a) State A and (b) B configurations.

The basic model equations are defined in Section II, while
Section III gives the new formulas for error coefficient compu-
tation and deembedding and also shows how the ten-term model
[14] for two-port VNASs is a particular case of the proposed mul-
tiport model.

A technique that can be used to reduce the number of standard
connections to the minimum is shown in Section IV. A practical
example described here uses the minimum number of thrus and
only one termination at one port. Other examples are presented
in Section IV. Some conclusions are drawn in Section V.

II. PROBLEM DEFINITION

The error model proposed here is an extension of the com-
plete multiport nonleaky model [13], to the case when complete
reflectometers are not available for all the ports at the same time
[see Fig. 1(b)].

Due to the presence of switches in the measurement paths,
we make the assumption that each port has the following two
different states:

e State A (the traditional one): complete reflectometer [see

Fig. 2(a)];
* State B: partial reflectometer, i.e., only the reflected wave
can be measured [see Fig. 2(b)].

In the following, these types of multiport systems are called
two-state multiport systems, and their error model is called a
two-state model.

The following equations [8]:

a; = libmi — hiam;
bi = kibmi — mMiam; (D
represent state A, while
a; = gi/b\mi
bi = fibmi 2

are introduced here for state B.
Our assumption is that I';, i.e., port ¢ reflectometer termina-
tion in state B, is always the same for each port j source exci-

tation with ¢ # j [see Fig. 2(b)], thus, the error model terms f;
and g; do not vary with the reference switch positions.

In order to have corrected multiport scattering data, the coef-
ficients l;, m;, h;, k;, fi, and g; first need to be computed for
each port and then a deembedding procedure must be applied.

III. TWO-STATE MODEL—GENERAL FORMULATION

Let (1) and (2) be in matrix form for an n port system

a=Lb, — Ha,
b=Kb, —Ma,
a = Ggm
b= Fb, 3)
where
a1 by
ag b2
a= b= . 4)
an b
am1 bml
am2 bm2
Ay, = . bm - . (5)
amn bmn
l:)ml
. bm
b= | ©)
l;mn
and
T 0 0
0 2o --- 0
X=1. . . (7)
Lo 0 - =z,

where X is the generic error coefficient matrix, i.e.,
X = M,H K,L,F, and G, with x = m,h,k,[, f, and
g. As already mentioned, leakage is neglected, thus these
matrices are all diagonal.

An equation such as (3) can be written for each of the n source
signal positions. These n equations can be stacked together to
form a unique matrix equation

A=LB,
B=KB,,

—HA,,
—-MA, ®)

where A, B, A,,, and By, are square n X n matrices defined as

=[a1a>...a,]
= [b1by...by]
[a,m1 G2 ... Gmn)
B = [bui bz - . by )

where a; and b; are the reference plane wave vectors of (4) and
a.,; and b,,; are the measured wave vectors of (5) for the ith
source signal position.
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Since the device-under-test (DUT) imposes the well-known
equation

b= Sa (10)
using (9), we obtain
B =SA. (11)

By substituting (8) in (11), we find the equation for the error
coefficient computation

SLB,, — SHA,, — KB, + MA,, =0 (12)

or for deembedding
S = (KB, — MA,)(LB,, — HA,,)™". (13)

Equation (12) can be expanded as
Z Siplpbmpj — Z Siphptmp;
p=1 p=1
—k,;bm,;j-i-mqjamqjj =0, i=1,....n; j7=1,...,n

(14)

Equations (12)—(14) are written in terms of measured waves
rather than measured S-parameters, as in [9].

In other words, no switch correction technique has been ap-
plied here to obtain the measured scattering matrix. The cali-
bration equations are written directly in terms of the measured
quantities.

If By, and A,, were completely known from the measure-
ments, this would solve the calibration problem.

Instead, the two-state architecture does not allow all the in-
cident and reflected waves to be measured simultaneously. We
deal with the case where the quantities a,;; and by, ; with ¢ # j
are not directly accessible, i.e., port ¢ is always in state B when
the source is at port 5 and only the i)mi j measurements are
known.

In this case, matrices A,, and B,, can be seen as the sum of
diagonal matrices Am and Bm, which contain actual measure-
ments, and A’ and B’ , which have null diagonals and contain
all the other not directly measured waves

Am = Am + Ain
Bwm = B + B, (15)
where
Mbi1 0 . 0
~ 0 bn122 ot 0
B, = . . . (16)
L 0 0 bnlnn
B Am11 0 P 0
~ 0 Am22 e 0
A, = (17)
L 0 0 e Amnn

R An expression is now found for A,,, and B, as a function of
B, and B,,, which is defined as

~ ~

0 btz bm1s bmin

1311121 . 0 bm23 l}m2n
B,=|bms1 bmaz O bm3n (18)

l;mnl l;mn2 I;mnn—l 0

Models A and B must represent the same physical condition,
i.e., the waves at the DUT reference planes computed with the
two models must be the same. In other words, for the same
source excitation j, the waves a;; and b;; must be independent
of the error model. Therefore, we can obtain the unmeasured
@mij and by,;; from (1) and (2) by imposing the condition

-1
boij \ _ |l —hi AT AT
() = ] ()= (5 s 00

where
hifi —m;g;
o= ——
kih; — lim;
Lifi — kigs
= 20
ﬂ kih; — lim; (20)
In this case (the source is at port j), we can write
/Bll:)mlj aﬂ:)mlj
/BmeQj Oézbm2j
mj — bm i = 21
i (mjj ! b @b
/Bni)mnj O5ni)mnj
By defining
[ 0 0
0 9 0
a= . (22)
L O 0 o
_,81 0 0
0 pfs 0
p= : : . : (23)
L0 0 - By
we find the expressions for Ay, and By, as follows:
Am = Am + ﬂBm
Bm = Bm + aBnr (24)
Since it is easy to demonstrate from (20) that
G=La—-Hp
F=Ka— Mg (25)
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by substituting (24) in (12), we obtain

- SGB,+FB,,—SLB,,+KB,,+SHA,,—MA,, = 0.
(26)

This generalized system can be used to compute the error
coefficients (i.e., matrices H, K, L, M, F', and G) from the
standard measurements and definitions.

For this purpose, it is useful to write the n? equations as fol-
lows:

- Z(l — 63)SipGpbmps + (1 = 8i7) fibmij — Sijlibmi;
p=1

+ 0ijkibmij + Sijhjam;
— 0 Milm;; =0, 1=
where 6, is the Kronecker delta. In order to avoid the trivial zero
solution, the homogeneous system is normalized to one of the
unknown coefficients, thus, the total number of unknown error
coefficients will be 6n — 1, instead of 4n — 1, as in the complete
reflectometer model [8].

The exception to this rule is the two-port case, where the
system splits into two homogeneous systems and (27) become

—S1292bm21 + (k1 — S11l1)bm11 + - -
R ---+(Sllh1 —ml)amn =0
(fz - 52292)bn121 — So1libmi1 + Se1hiamin =0
(28)

and R
—82191bm12 + (k2 — Sa2l2)bmoz + . ..
R ...+(5'22h2—m2)am22 =0
(fi — S1191)bmi2 — S12l2bm2z + Si2hoamee = 0.
(29)

Since (28) can be normalized to k£ and (29) to ko, the total
number of coefficients in only ten, and these are easily mapped,
as shown in the Appendix, onto the error-box terms of the tra-
ditional forward/reverse model for the two-port VNA described
by Marks in [14].

Finally, from (24), the deembedding equation is

S = (KB — MA,, + FB,,)(LB,, — HA,, + GB,,)"".
(30)

IV. APPLICATION EXAMPLES

Some experiments have been performed to validate the pro-
posed methodology using actual multiport coaxial systems. One
of the setups that have been used is based on a 6-GHz Anritsu
MS4623 coupled with a four-port expansion box (MMSO0518B)
from PAF, Turin, Italy [15], whose reflectometer architecture is
shown in Fig. 3. This allows a comparison of the complete re-
flectometer model and the proposed two-state model to be made,
simply by neglecting the nonmeasurable quantities when neces-
sary.

o a/bout source in

A

=] [=A]

Port 2 Port 3

Fig. 3. Simplified MMSO0518B block scheme.

As usual, the calibration can be performed by measuring one-,
two-, or n-port standards. In particular, if we consider a two-ref-
erence architecture, like the one in Fig. 1(b), a two-port standard
can be measured as follows:

» with both ports in state A at the same time (state AA);

» with one port in state A and the other in state B (state AB)

and vice versa (state BA).

It should be noted that (14) and (27) can be stacked together in
a single system, where (14) is used if the standard is measured
in state AA, while (27) is used if the standard is measured in
state AB—BA.

In other words, the presence of two reference channels in the
architecture will allow some standard measurements to be in
state AA, as well as in state AB-BA, thus adding useful equa-
tions to the system and simplifying the standard sequence.

As a first example, let us consider a three-port thru loop cali-
bration [9] consisting of the following standards:

¢ 50-9 load at port 1;

e thru 1-2;

e thru 2-3;

e thru 1-3;
which is the simplest multiport VNA calibration available, and
has proven to be very accurate [16]. In order to have zero-length
thrus, we chose to use APC7 connectors.

As shown in [9], this calibration is consistent with the com-
plete reflectometer calibration model if each two-port measure-
ment can be taken in the AA state. The number of independent
equations provided by the two-port standards is, in fact, 4n — 2.
With the addition of the one-port standard, the number of inde-
pendent equation becomes 4n — 1, which is equal to the number
of the unknowns for a complete reflectometer system using the
complete reflectometer calibration model.

It has been verified, by numerical simulations, that this cal-
ibration is also consistent for the new two-state model if two
“sides” of the loop can be measured in both state AA and state
AB-BA, while one side is measured only in state AB—BA, as
sketched in Fig. 4. The overall error model has a larger number
of unknowns (6n — 1), but eight equations, rather than four, are
obtained from the thru measurements in the AA and AB-BA
states.



FERRERO et al.: NOVEL CALIBRATION ALGORITHM FOR SPECIAL CLASS OF MULTIPORT VNAs

L AA thru

“\(\‘\)

¥

AB thru

Fi

&

g.4. Thru loop calibration example for a two-state system.
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Fig. 5. Error coefficient comparison. Ah; (and A ) are the differences be-
tween coefficients k; (and m;) computed with the two different calibrations,
i.e.: 1) thru loop, with only AA measurements (complete reflectometer model)
and 2) thru loop, with an AB side (two-state model).

The following two calibrations were then compared:

¢ thru loop, with only AA measurements (complete reflec-

tometer model);

* thru loop, with an AB side (two-state model).

First the error coefficients [;, m;, h;,and k; (1 = 1,2, 3) were
compared. They are practically the same for the two calibra-
tions. The absolute values of Ahy (and Amy) in decibels (e.g.,
20 - logyo |Ahq|) are shown in Fig. 5 as an example.

The results of the two calibrations on the same raw data were
then compared and no noticeable differences were found. An ex-
ample is shown in Fig. 6 for a coaxial line. Other comparisons,
for a four-port example, are reported here. We compare two cal-
ibrations, both based on the following standard sequence:

 short-open-load port 1;

e thru 1-3;

e thru 2-3;

e thru 1-4;

i.e., Quick SOLT-type [17] calibrations extended to the multi-
port. As a benchmark, a complete reflectometer model calibra-
tion is performed with all the standard measurements in the AA
state. It is compared to a partial reflectometer model calibration,
with all thrus measured in both state AA and state AB-BA. The
measurements of a four-port 180°, 2-18 GHz, hybrid are then
performed. With the complete reflectometer model, measure-
ments are performed in state A for each one of the four ports,
i.e., incident waves are always measured. With the partial reflec-
tometer model, during the measurements, the incident waves at

697

0.05 T T .

frequency, GHz

Fig. 6. Measurement of transmission coefficient of a coaxial line. AS5 is the
difference between the transmission parameter S, computed with algorithm 1)
and S}, computed with algorithm 2). AZS;5 is the difference between the
transmission parameter phases, computed with the two different algorithms.

* partial refl. model
A compl. refl. model

Is,,|. dB

frequency, GHz

Fig. 7. Measurements of a commercial 2—18-GHz 180° hybrid coupler with an
all state A, complete reflectometer model calibration, and a partial reflectometer
calibration.

each port are measured only when the source is switched to that
port. This makes the partial reflectometer measurement much
faster than the complete reflectometer one. The results of this
comparison are reported in Fig. 7, and show that the two cali-
bration models are not discernible.

These and other measurement results are encouraging and
suggest that the novel two-state model gives faster results with
the same accuracy level as the complete reflectometer one.

V. CONCLUSION

A new and simplified error model for noncomplete reflec-
tometer multiport VNAs has been presented. A generalized,
compact formulation for error coefficient extraction has been
found, validated through experiments, and performed in a
coaxial environment, and very good results have been found.
The proposed model is expected to fulfill the new requirements
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of speed, high number of ports, and accuracy required for
high-speed computer technologies and signal integrity tests.

APPENDIX

Here we will show the transformation of the traditional ten-
term forward/reverse model for two-port VNAs, described by

Marks in [14], into the model proposed in this study.

For the ten-term model, the following equations represent the

forward case:
a1 = am1 + Esrpby
bm1 = Eprami1 + Erpb
bm2 = Errby
az = Erpby

while for the reverse case, we have

a2 = am2 + Esrbo
bm2 = EDRGm2 + ERRb2
b1 = Errbi

a1 = Ergrby.

We can rearrange these equations as follows:

o = Zspy AR
Err ™ Erp ™
bi= —bp1 — —am
""" Epr ™ Epp ™
4y = ZLE
2 — m2
Erp
1 .
by = —b,,
2= o bm
where AF = ESFEDF — ERF’ and
a4, = SRy DR
Err ™" Egrr "
1 Epr
bo = ——byp2 — ——a,
>" Err ™ Err ™
ay = LR}
1= ——bm1
Ergr
1 .
b= — b
1= Bt

where AR = ESREDR — ERR~

(AL)
(A2)
(A3)
(A4)

(AS5)
(A6)
(AT)
(A8)

(A9)
(A10)
(Al1)

(A12)

(A13)
(Al4)
(A15)

(A16)

By comparing these equations with (1) and (2), for+ = 1, 2,

we find the relationships between the two models

Ap Esp
hl = ll =
Err Err
e — my = ——
' Egp '~ Err
A FE
hy = 2R _ Esr
ERrr Err
b 1 Epr
[ — mo = ——
>~ Err > Enr
£ = 1 . Err
' Erg n Err
fo= g2 =

Erp Err’

(A17)
(A18)
(A19)
(A20)
(A21)

(A22)
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