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A Multireflect-Thru Method of Vector Network
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Abstract— We present a new method for two-port vector
network analyzer (VNA) calibration, which uses multiple
offset-reflect standards and a flush thru connection. Offset-reflect
standards consist of sections of the same uniform transmission
line with different lengths, which are terminated with the same
highly reflective load. The unknown propagation constant of
the transmission line and the load reflection coefficient are
then determined simultaneously with the VNA calibration coef-
ficients. We compare our method with the multiline thru-reflect-
line (TRL) method and show that both methods yield similar
results. Our new multireflect-thru method is solely based upon
dimensional parameters of the calibration standards. Therefore,
like the multiline TRL method, it can be used to establish a
traceable VNA calibration. Thus, the multireflect-thru method
constitutes an alternative to the multiline TRL calibration in
environments in which the use of transmission lines is trou-
blesome, such as in the case of VNAs with very small coaxial
and waveguide connectors. The multireflect-thru method is also
useful in on-wafer measurements since it allows us to keep a
constant distance between the probes, which reduces the impact
of crosstalk and speeds up automated testing.

Index Terms— Calibration, error analysis, offset reflects,
redundancy, vector network analyzer (VNA).

I. INTRODUCTION

E PRESENT a novel method of two-port vector
Wnetwork analyzer (VNA) calibration, which uses mul-
tiple offset-reflect standards and a thru standard. Offset-reflect
standards consist of uniform transmission-line sections with
different lengths terminated with the same highly reflective
load, typically a short or an open circuit, while the thru is
realized as a direct connection of VNA ports (flush thru).

The problem of calibrating a VNA with such standards has
long been present in the literature [1]-[9]. References [1], [6]
present a one-port VNA calibration method which realizes
offset reflects with a sliding short. The sliding short is assumed
to be lossless, and its positions need not to be known. A circle
is then fitted to the sliding short measurements whose center
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and radius are related to calibration coefficients. Based on the
circle parameters and measurements of two other additional
standards (one of them can also be a sliding load [1]),
calibration is completed. Methods [1], [6] are, however, limited
to lossless offset shorts.

References [3]-[5] present a different implementation of
a one-port VNA calibration method that accounts for losses
in the sliding-short transmission line. This method requires
neither the sliding-short losses nor its positions to be known.
However, a measurement of an ideal matched termination [3]
or a sliding load [4], [5] is needed. Therefore, these methods
are inconvenient at higher frequencies where fixed termina-
tions with low reflections are unavailable, while the real-
ization of a sliding load is either difficult (e.g., for coaxial
connectors with small diameter) or impossible (e.g., on-wafer
environments).

Reference [7] extends the method of [3]—[5], and calibrates
a one-port VNA solely based on measurements of offset-
reflect standards. This method employs a model for frequency
dependence of offset-line phase-constant in order to estimate
the unknown lengths of the offset lines and their attenuation
constant. The resulting problem is solved iteratively with a
nonlinear least squares optimization. This method is further
extended in [9] to the problem of two-port VNA calibration
by assuming that the offset reflects are terminated with an
unknown load whose reflection coefficient is determined from
the thru measurement. The drawback of methods [7], [9] is the
requirement for the model of the phase constant which might
be difficult to obtain for transmission lines with large losses or
high dispersion. Also, these methods may not yield a unique
solution due to the use of optimization techniques that suffer
from the local-minima problem.

Reference [8] presents another method that requires the
attenuation constant of the offset shorts and the termination
reflection-coefficient to be known, while the phase shift of
the offset-short reflection coefficients is determined during the
calibration. The resulting problem is also solved iteratively
with a nonlinear least squares optimization. The drawback
of this approach is that it requires precise measurements of
conductor surface followed by electromagnetic simulations in
order to obtain the transmission-line attenuation constant and
the short-circuit impedance. Also, this method, similar to [7],
may not give a unique solution due to the use of optimization
techniques.

In this paper, we introduce a new method for calibrating
a two-port VNA with multiple offset-reflects and a flush
thru connection, which determines the unknown propagation
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Fig. 1. Two-port VNA measurement model used in the multireflect-thru
calibration method.

constant of the offset reflects and the terminating-impedance
reflection coefficient based only on the knowledge of the
offset-reflect lengths and without the use of troublesome
optimization techniques. The VNA calibration coefficients
and reflection coefficient of the termination impedance are
calculated from closed-form expressions, while the propaga-
tion constant is determined by solving N — 3 independent
complex-valued nonlinear equations, where N is the number of
offset-reflect standards. As a starting point for these equations,
we need only an approximate estimate of the propagation con-
stant which can be easily obtained based on the dimensional
and material parameters of the transmission-line sections in
the offset reflects.

The principle of our method is very similar to that of the
multiline thru-reflect-line (TRL) calibration [10], and is based
on averaging solutions of basic nonredundant calibrations that
are constructed from measurements of four different offset
reflects on each VNA port. These measurements, supple-
mented with a flush thru measurement, form the thru-reflect-
reflect-reflect-reflect (T4R) calibration, which we present in
Section II. In the following sections, we discuss the averaging
technique (see Section III), and then present an experimental
verification of our method (see Section IV), in which we
compare corrected measurements of a verification device per-
formed after calibrating a VNA with our new multireflect-
thru method and with the multiline TRL technique. Finally,
in Section V, we draw some conclusions.

II. THRU-REFLECT-REFLECT-REFLECT-REFLECT
CALIBRATION

In this section, we present the theory of the T4R calibration
method. We start off with an overview of the VNA model
and the calibration scheme. Then, we discuss calibration of
a single VNA reflectometer with four different offset-reflect
standards. Finally, we show how to complete the two-port
VNA calibration by use of a flush thru measurement.

A. VNA Model

A model for two-port VNA measurement we use is shown
in Fig. 1. This model is based on the error-box model of [11],
however, it uses an alternative set of parameters. We assume
that the switch terms have been measured separately and
corrected for by the use of approach [11]. We also assume
that the isolation terms are negligible. Based on that, for a
two-port device under test (DUT) with the scattering matrix S
and the corresponding transmission matrix T given by
St Sz I [ —detS S1q
5= [521 522} T= Sa1 [ —S»n 1 } M

we have the corresponding measured (raw) scattering S and
transmission T matrices where the tilde “~” on top of the
symbol denotes the measurement.

Now, matrix T is the transmission matrix of the network

shown in Fig. 1, that is,
~ 1
T = —E4;TE 2
£, EATEs 2)

where

_ Eia Eox _ Eip E3p
EA_[_ESA 1}E3_[_EZB 1} ®

E; = %(Eu; + E2pEsp). 4

and

Thus, the VNA model parameters are E14, E24, and E3y
(which describe the left VNA reflectometer), E1p, E2p, and
E3p (which describe the right VNA reflectometer), and the
parameter E;.

B. Calibration Scheme

In the T4R calibration scheme, one measures four
offset-reflect standards on each VNA port, and a flush thru
connection of these ports. Offset-reflect standards consist of
uniform transmission-line sections terminated with a highly
reflective load. The transmission-line sections of the offset
reflects used on VNA ports A and B have lengths /4; and /p;,
fori =0, ..., 3, and propagation constants y4 and yp, respec-
tively. The terminating load has the same reflection coefficient
[y for all of the offset reflects.! Thus, the nominal reflection
coefficient of the offset-reflect standards can be written as>

Tpi = Dre 214lai | T = Tpe bl (%)

while their raw measurements are denoted by fA,- and T Bi-

Based on the flow graph in Fig. 1, we can write the
relationship between raw measurements and definitions the of
the offset reflects as

= Ecx+ Eial'ai = Exp + E181B;
Tgj=——"" Tpi=——7"+— (6)
1 — E3aT 4 1 — E3pl'pi
fori =0,...,3. We can further lump the unknown reflection

coefficient I'r into the reflectometer parameters by rewrit-
ing (6) with normalized calibration coefficients

E\y = Eial'r Ejy = Eul'r @)

E\gy = E\gI't Ejp = E3pl'r (8)

and with normalized reflection-coefficient of the offset reflects
I'a; I'p;

pAi = Al o= 2palai pBi = Bi _ ,—2vslsi 9)
I'r I'r

'We assume that the characteristic impedance for offset sections on ports
A and B is the same, thus for the same terminating impedance Z7, we have
I'ta = I'rgp = T'r. In a general case, when these impedances are different,
we have I'zy # I'rp. This case will not be considered here.

2Similar to the multiline TRL method [10], we assume that connection
interface is the same for all calibration standards and DUTs, and thus gets
lumped into the VNA calibration coefficients. Therefore, we do not include
its description in the definition of the calibration standards. This assumption
is very well met for typical on-wafer, coaxial, and rectangular-waveguide
measurement situations. However, it may be violated for smaller coaxial and
waveguide connectors. This last case will not be discussed here.
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that yields

=~  Em+Ejpai = Ex+Epgpsi
1—‘Az = 7 1—‘Bz = 7 .
1 — E5 pai 1 — E3gpsi

We will further on refer to the reflectometers described by
the parameters E',, E2a, E},, and E|, Ezp, Ejp as reduced
reflectometers.

The thru standard is realized as a direct connection of the
VNA ports (flush thru), thus its transmission matrix T; is the
identity matrix. The raw measurement of the thru standard is
thus given by

(10)

1
—E4sE
E, ALp
which can be written with the normalized calibration
coefficients (7) and (8) as [9]

T, = (11)

~ 1
T, = —E,ITE} (12)
E;
where
E’ Erq E E/
I 14 I 1B 3B
me e, ] meln ] o
are the reduced-reflectometers parameters and
_[rzt o
r= |: 0 1i|. (14)

In the following, we describe the solution of the set of
nonlinear equations (10) and (12). We first determine the
unknown propagation constants y4 and yp, and parameters of
the reduced reflectometers. Then, we determine the remaining
terms 'z and E; from the thru measurement.

C. Reduced-Reflectometer Calibration

The calibration equations (10) for both reflectometers are
independent of each other and have identical form, thus they
are solved in the same manner. Therefore, in the following,
we will omit the symbols A and B in subscripts.

The set (10) consists of four equations for four unknown
parameters: E;, E>, Eé, and y, where the dependence on y
is given by (9). We may rewrite (10) as

po 1 pofo —fo E|
pr 1 piIt =TI E>
~ ~ =0. 15
p2 1 ply —Ds || Ej (15)
p3 1 p3T3 =TI 1
P(y) X

Since the norm ||x|| of the vector x is by definition different
from zero, the homogeneous set of equations (15) is fulfilled
only if

detP(y) =0 (16)

which yields a nonlinear equation for y. This equation is
solved numerically by the use of a modified Newton—Raphson
method [12]. Details of this method are given in Appendix A.

Having solved for y, we can remove one of the equations
in (15), plug the value of y into (9) and solve the resulting set

907

of linear equations. Removing, for example, the first equation,
we obtain
—1

E| pi 1 pil T
Ey|=|p 1 pI> I (17)
E; p3 1 pals I'3

which completes the reduced-reflectometer calibration.

D. Determining T'r and E;

In the next step, we use the solutions of the reduced-
reflectometer calibration given by (16) and (17), and the thru
measurement (12) to determine I'y and E;. We first write out
the diagonal terms of the matrix T,

~ E  E' . — EypEppT2 Iz — E. E
Tii = 1A~1B 22A 2B T Tony = T 3? 3B (18)
E.T's E s
Now, from the ratio of these terms Tll t/ Tzzz = —det g,, where

S; is the measured (raw) scattering matrix of the thru, we
obtain the following equation:

S \/ EjyEip— detS, B} By
ErsErp — det S

Similar to the classical TRL algorithm [13], [14], in order to
pick the root of (19), we use an estimate of I'r phase.

In order to obtain E;, we first denormalize the calibration
coefficients Ej,, E},, and E{z, E}; based on the defini-
tions (7) and (8), and I'7 obtained from (19). We then take the

determinant of (11), which leads to the following equation:

Siz _ detE4 detEp

19)

detT, = == = (20)
' Sth Etz
thus
So1s
Et =Zt ~—detEAdetEB. (21)
S12

The sign of E; is chosen by inserting (21) into the predic-
tion (11) of the thru transmission matrix, and verifying for
which solution of (21), the norm (e.g., the Frobenius matrix
norm [15]) of the difference between this prediction and the
actual raw transmission matrix of the thru is smaller.

III. CALIBRATION WITH A REDUNDANT NUMBER OF
REFLECT STANDARDS

In this section, we present a technique for performing a
two-port VNA calibration with more than four reflect stan-
dards. This technique builds on the basic T4R calibration
method described in Section II.

A. Overview

When calibrating a two-port VNA with more than four
reflect standards, we proceed in a similar manner as in
the case of the T4R calibration. We first determine the
normalized calibration coefficients of both VNA reflectome-
ters, and then complete the calibration by determining the
parameters ['r and E;.
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In order to determine the normalized calibration coefficients,
we average results of multiple reduced-reflectometer calibra-
tions constructed from different four-element subsets of the
entire set of N offset-reflect standards. Although there are
C‘{v = N!/(N — 4)'4! such subsets, we can construct only
K = N — 3 subsets that introduce new information. Indeed,
when using four reflect standards, we obtain a single solution
of the reduced-reflectometer calibration defined by (15). Thus,
by adding each offset-reflect standard, we add only one
degree of freedom, consequently we can only obtain N — 3
independent reduced-reflectometer calibrations.

Assuming that the reflect standards are numbered from
Oto N —1, the kth subset is uniquely defined by a
four-element vector of ordered reflect-standard indices

(22)

where 0 < iy, < iy <ig, <irz <N,andk=0,...,K —1.
We refer to a particular set of four-element subsets of the
reflect standards, which is defined by the vectors i; for
k=0,...,K —1, as an averaging scheme.

We perform the reduced-reflectometer calibration described
in Section II-C for each of the K subsets. As a result, for the
kth subset, we obtain the solution

Bi = [E\x> Ex, E'y, )’k]T.

The errors in reflection coefficients of offset reflects used in
the kth subset?

T
Api Api, Api,  Ap;
piko /)ikl pik2 pik3

cause an error in the solution

. . . . .
i = ik, iky > Ty s Ly

(23)

ABy = [AE},, AEx, AESy, Ay]" (24)
which based on (B.6) can be written as
X ABy = —Ayi 25)
where
Xy = Xo,kEx (26)
Piy 1 p izol —2li,
P R T @7)
Pir, 1 Pi, —2l,
pig, 1 oppl =2,
and
Ey 0 B0
Ee=| 5 * g 0 (28)
0 0 0 E| +ExE}

We see that each solution f; has in general different errors
which depend on the choice of the reflect standards in the
kth subset and relative errors Ay in their reflection coeffi-
cients. Therefore, in order to determine the estimate of

3We decided to express these errors in a relative-error form due to a
convenient interpretation for the practical case of offset reflects with low losses
(i.e., when |I'| & 1): the real and imaginary parts of the relative error Ap/p
are then the in-phase and quadrature error component, respectively (see [16]).
Indeed, AT'2 = AT|T|/T ~ T Ap/(Trp) = Ap/p.

normalized calibration coefficient of a VNA reflectometer, we
determine a weighted average of these solutions.

B. Averaging Results of Reduced-Reflectometer Calibrations

The statistical model for the solutions 8; can be written in
a compact form as an overdetermined set of equations

IB=8+AB

where the vector 8 is comprised of solutions from individual
reduced-reflectometer calibrations and the vector A8 contains
errors in those solutions. Both vectors have size 4K x 1 and
are given by

(29)

Bo ABo
B=1 |, AB=] (30)
Bk -1 ABg-1
while the matrix I has size 4K x 4 and is given by
L
I=]: (31)
L

and Iy is a 4 x 4 identity matrix.

The relationship (29) could be directly used to determine the
estimate 8 based on the covariance matrix of AB. However, it
is more convenient to transform it to a form, in which the error
vectors Ay are given explicitly. To this end, we first rewrite
the relationship (25) between the error vectors AB; and Ay,
fork=0,...,K — 1, in a more compact form

X Af = - Ay (2

where the matrix X and vector Ay have size 4K x 4K and
4K x 1, respectively, and are given by
Xo Ayo
X = °. . . ﬂ = .
Xk-1 Ayg—i

We then premultiply (29) by X, which after inserting (32)
yields

(33)

YB=XB—Ay. (34)
with
Xo
Y=XI= : (35)
Xg_1

In order to solve the overdetermined set of equations (34)
for B, we first note that the covariance matrix for the error
vector Ay is singular and cannot be inverted. Indeed, this
matrix has size 4K x 4K, where K = N — 3, while its rank
is N. Thus, (34) cannot be solved by use of the traditional
Gauss—Markov theorem [17]. Therefore, we need to use the
modification [18] of the Gauss—Markov theorem for the case
of a singular covariance matrix. To this end, we first construct
the covariance matrix for the vector Ay. We can write

Ay = Ce (36)
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where

T
e:[ﬂ,...,ﬂ} . 37)
Po PN-1
Matrix C has size 4K x N and captures the averaging
scheme (22): if the nth reflect standard is used in the kth subset
at the position i € {1, 2, 3, 4}, then the element c4t4;, of
the matrix C equals one, and otherwise zero. Since we cannot
include the same reflect standard more than once in a single
reduced-reflectometer calibration, columns of the matrix C are
orthogonal.
With the use of this definition, the covariance matrix for Ay
is given as o

Tay = cx.cH (38)

where the superscript “H” denotes the conjugate transpose,
and ¥, = E[eef] is the covariance matrix of relative
errors e in offset-reflect reflection coefficients.* By use of the
Gauss—Markov theorem for the case of singular covariance
matrix [18], we can write the equation for averaged solution
B of reduced-reflectometer calibration as

(Y'23,Y)B=Y"2] Xp (39)
where the superscript © denotes the Moore—Penrose matrix
pseudoinverse [21]. Accounting for the properties of this
inverse, we can further write
z& =(CHfz Ict (40)
where C™ has size N x 4K. We can easily show that if the
nth reflect standard is used in the kth subset at the position
i € {1, 2, 3, 4} then the element c:4k+i of the matrix CT
will be equal to 1/N,, where N, is the number of individual
reduced-reflectometer calibrations that include the nth reflect,
and otherwise zero.
Now, solving (39), we can finally write our main result, that
is, the averaged estimate of reduced-reflectometer parameters

B=M"'Y"3} Xp 1)

where

M=Y"2] Y = (C'Y)"Z(C"Y) 42)

is the Fisher matrix [17]. The covariance matrix of this solution
may be further determined as

~A~AH
T; =EIBB ]

_ Hna—

=M lgﬂz&zxé(z&) YMH. (43)
Taking into account that ¥xg = Xy, and (Zzy)H =
():IA"y)Jr = EJAry, and also accounting for the propaties of

4We make an approximation that the real and imaginary parts of each error
Ap/p have the same variance and are uncorrelated. This approximation allows
us to use a much simpler complex-valued notation for the error propagation,
however, at the cost of slightly larger variances of the calibration result
(see [19]). Generalization to the case of an arbitrary normal distribution is
straightforward, however, it involves a more complicated block-matrix-based
notation (see [20]).
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Fig. 2. Photograph of the quartz wafer with two multireflect-thru sets
(middle-top and middle-bottom), and two multiline TRL sets (top-left and
top-right).

the Moore—Penrose pseudoinverse (ATAAT = A™), we easily
obtain

T, = M'MM 7 =M~! (44)

since the Fisher matrix is Hermitian.

C. Optimal Averaging Scheme

When developing the averaging technique in Section III-B,
we assumed that the N offset reflects are in some manner
divided into K = N — 3 four-element subsets; this division
was referred to as the averaging scheme. Below, we discuss the
choice of the averaging scheme that provides an accurate and
robust calibration. Our discussion will be based on the analysis
of how this scheme affects the covariance matrix (44).

We first note that, based on (26) and (35), we can write
matrix Y as

Xo Xo,0Eo
X fr— ; fr— N
Xg_1

: (45)
Xo,xk—1Eg—1

Now, if all of the basic calibrations are Well—conditioped, all
of the individual results B; are close to the solution 8 given

by (41), thus E; = E, fork =0,..., K — 1, where
—-E, 0 E 0
R oz
sy BE S L w
0 0 0 —E|+ EE]
Consequently, we can approximate
Xo0,0
Y ~ " E =YE (47)
Xo,k -1
and therefore approximate the Fisher matrix as
M ~ (CTYoE)7 2 (CTYE)
= E#(CTY) " Ze(CTYp)E. (48)

Now, we can show that the approximate Fisher matrix (48),
and consequently the resulting covariance matrix given
by (44), do not depend on the particular choice of the
averaging scheme. Indeed, consider the product C*Y). Let N,
be the number of T4R calibrations that include the nth
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Propagation constant obtained with the multireflect-thru calibration and from the reference multiline TRL method. (a) Phase constant f normalized

to vacuum phase constant S obtained from reduced-reflectometer calibrations on port A (blue solid line with squares) and port B (green solid line with
circles), and from the multiline TRL (red solid line with triangles) along with differences with respect to the multiline TRL result. (b) Attenuation constant
for both reduced reflectometer calibrations and differences with respect to the multiline TRL result (the same colors and markers as for the phase constant).
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Fig. 4.  Estimate of the worst case deviations in a measurement of a
two-port device with |S;;| < 1 due to nonrepeatability of the multireflect-thru
calibration (blue solid line with squares), nonrepeatability of the reference
multiline TRL calibration (red solid line with circles), and difference between
both calibrations (green solid line with triangles).

reflect standard. The element c:[ Ao of the matrix Ct will

be equal to 1/N,, if the nth reflect standard is used in the kth
subset at the position i € {1, 2, 3, 4}, and otherwise zeros.
On the other hand, we see from (35) if the nth reflect standard
is used in the kth subset at the position i € {1, 2, 3, 4}, then
the (4k + i)th row of Yo has the form [p,, 1, p, !, —21,].
Consequently, we can easily show that

proLopr <2

p2 1 py -2
ctyo=|". . "7 (49)

pv 1 opy' =2y

and is independent of the averaging scheme.

Now, we postulate that the optimal averaging scheme should
be made up of K = N — 3 reduced-reflectometer calibrations
that are least sensitive to measurement errors. We quantify this
sensitivity with the quality factor (B.14) defined as the deter-
minant of the error covariance matrix. Finding such an averag-
ing scheme is a difficult combinatorial-optimization problem,

related to the weighted set-cover problem [22]. However,
obtaining the best solution of this problem is not necessary
in our case. Indeed, as we noted earlier on, for averaging
schemes that are constructed from well-conditioned reduced-
reflectometer calibrations, we obtain approximately the same
Fisher matrix (48). Thus, it is sufficient to find an averaging
scheme that is close to the optimal one. An algorithm for
finding such a scheme is described in Appendix C.

IV. MEASUREMENTS

In this section, we present an experimental verification of
our calibration method with on-wafer calibration standards.
We first compare the propagation constant obtained from the
multireflect-thru method and from a reference multiline TRL
calibration. Following that, we apply the calibration compari-
son method [23] to compare the VNA calibration coefficients
obtained with both methods. Finally, we evaluate results
of corrected measurements of a mismatched line section,
performed after calibrating VNA with our multireflect-thru
method and with the reference multiline TRL method.

We implemented the calibration standards on a 500 um
thick quartz wafer (see Fig. 2). We used the coplanar
waveguide (CPW) with 100 ym wide center strip, 10 um
gaps, and 240 um wide ground strips. We implemented the
multireflect-thru method with a set of eight offset shorts and a
420 pm long thru connection. Lengths of the offset shorts are
(440, 1190, 1940, 2690, 3928, 6665, 10 790, and 17 390) pm.
The lower frequency of this calibration was estimated to
3.4 GHz [19]. In the multiline TRL method, we used six lines,
a 420 um long thru connection, and a 920 um long offset
short as a reflect standard. Lengths of the lines are (1000,
3135, 4200, 7615, 12 570, and 17 298) um. Measurements
were performed with ZVAS50 VNA in the frequency range
0.1-40 GHz, the IF bandwidth was set to 100 Hz. In order
to avoid the microstrip-like mode, the quartz wafer was put
on a 6 mm thick absorbing material.

In Fig. 3(a) and (b), we show the phase and attenua-
tion constant obtained from reduced-reflectometer calibrations
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Measurement of a mismatched line section obtained with the multireflect-thru calibration and with the reference multiline TRL method.

(a), (b) Magnitude of Sy; and Spj, respectively, obtained from the multireflect-thru calibration (blue solid line with squares) and the reference multiline
TRL calibration (red solid line with circles) along with the difference (green solid line with triangles). (c), (d) Phase of Sy and S;1, respectively, obtained
from the multireflect-thru calibration and from the reference multiline TRL calibration along with the difference (the same colors and markers as for the

magnitude).

on each VNA port and from the reference multiline TRL
calibration; we also show differences with respect to the
multiline TRL results. We see that the results for both methods
agree very well. Differences in the phase constant are smaller
than 0.8°/cm and in the attenuation constant smaller than
0.13 dB/cm. We notice that these differences become larger as
we approach the lower frequency of both calibrations, and thus
both methods are more sensitive to measurement and modeling
errors.

In Fig. 4, we compare the multireflect-thru and the reference
multiline TRL calibration by use of the calibration comparison
method [23]. In Fig. 4, we plot the estimates of worst case
deviations due to nonrepeatability of the multireflect-thru and
the reference multiline TRL calibrations (blue solid line with
squares and red solid line with circles) and compare it with the
estimate of worst case deviation due to the difference between
the multireflect-thru and the reference multiline TRL calibra-
tion (green solid line with triangles). We observe that both
calibration techniques have similar repeatability. We further
see the worst case deviation due to the difference between
these calibration techniques is comparable with the deviation
due to the nonrepeatability. This error is at most 0.04 for
frequencies above 4 GHz and increases to around 0.07 below

4 GHz where the multireflect-thru calibration is close to its
lower frequency, and therefore more sensitive to measurement
and modeling errors. Thus, since the method-to-method differ-
ence is on the same order as the inevitable repeatability errors,
we conclude that both calibration techniques yield the same
VNA calibration coefficients to an accuracy of repeatability
errors.

In Fig. 5, we compare measurements of a mismatched line
section obtained with the multireflect-thru and the reference
multiline TRL calibrations. We see that the magnitudes of
both S11 and S71 [see Fig. 5(a) and (b)] agree very well. The
differences in |S71| are less than 0.2 dB (2.3%) apart from
the regions with |S11| < 20dB where the differences increase
to around 0.7 dB (8.4%). This can be explained by the fact
that the multireflect-thru calibration uses primarily calibration
standards with large reflection coefficients, hence its accuracy
deteriorates for well-matched DUTs. The differences between
the two calibrations for |S>1| are less than 0.1 dB (1.2%) and
increase at frequencies close to the lower frequency of the
multireflect-thru calibration. We finally observe that the agree-
ment between the two calibrations for phase of Si; and S7;
[see Fig. 5(c) and (d)] is also very good with errors less than
2° for arg S11 and 0.3° for arg S»;. For the sake of comparison,
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a probe placement error of =5 um leads approximately to an
error in arg S1; and arg S>1 on the order of £0.8° and £0.4°,
respectively (assuming £/fp = 1.7 and f = 40 GHz).

V. CONCLUSION

We presented a new method for calibrating a two-port
VNA with multiple offset reflects and a flush thru con-
nection. Offset-reflect standards are constructed out of
transmission-line sections with the same unknown propagation
constant, and are terminated with the same unknown highly
reflective load. The propagation constant of these sections and
the load reflection coefficient are then determined simulta-
neously with the VNA calibration coefficients. In order to
determine the propagation constant, our method requires to
solve N — 3 independent complex-valued nonlinear equa-
tions where N is the number of offset reflects, while the
remaining unknown parameters (i.e., VNA calibration coef-
ficients and the load reflection coefficient) are calculated from
closed-form expressions. This makes our method more robust
than other similar approaches (see [7]-[9]) that may not yield
a unique solution due to the use of optimization techniques.
We verified our method experimentally by comparing on-wafer
multireflect-thru and multiline TRL calibrations performed
with CPW offset-reflects and transmission lines manufactured
on a 500 um thick quartz wafer. Both calibrations yielded
similar values of the CPW propagation constant and of the
VNA calibration coefficients confirming the validity of our
calibration approach.

Our new multireflect-thru method, similar to the multiline
TRL, uses calibration standards whose definitions require only
dimensional measurement, thus it is possible to establish a
traceability path for our approach to dimensional metrology.
Thus, the multireflect-thru method constitutes an alternative
to the multiline TRL calibration in environments in which the
use of transmission lines is difficult, such as in the case VNAs
with very small coaxial and waveguide connectors. Also,
the multireflect-thru calibration, unlike the multiline TRL
methods, allows for a design of on-wafer calibration substrates
for which the distance between the probes is kept constant.
Thus, it may be used to speed up and thus reduce the cost of
large-scale automated testing in on-wafer environments.

APPENDIX A
NUMERICAL SOLUTION OF (16)

We first note that through some algebraic manipula-
tions, (16) can be expanded as

detP(y) = (po — p1)(p2 — p3)(To — T3) (T2 — T1) +
—(po —p3)(p2 — p)(To—T1)(T2—-T3)=0
(A1)
which is equivalent to the condition
(po—p)(p2—p3)  (To =TT —Ty)
(po—p3)(p2—p1)  (To—T3)T2—TY)
which is known as the condition for the cross-ratio invariance
under the bilinear transformation. Now, in order to describe

(A2)

the algorithm for numerical solution of (A.1), we first write
it in a more compact form

detP(y) = f(y)
= A(po — p1)(p2 — p3) — B(po — p3)(p2 — p1) =0

(A.3)

where
A= (- §3>(fz — fn (A.4)
B = (Tp—T) (T2 —T3). (A5)

In order to solve (A.3), we developed a modified
Newton—-Raphson method, which has improved robustness
and convergence properties with respect to the classical
Newton—Raphson method. In this modified method, we control
the accuracy of the linear approximation such that the relative
error of this approximation is smaller than some predefined
value (in our case 5%). To this end, we write the first-order
Taylor series expansion

Fo+ Ay) = f(yo)+ f'(yo)Ay

where the first derivative is given by

(A.6)

f'() =2A00 + 13)pops + 2A(1 + L) p1p2 +
—2B(lo + 1) pop1 — 2B(l2 + 13)p2p3 +
+2(B — A)(lo + )pop2 +2(B — A)(I1 +13)p1p3.
(A.7)

Then we proceed iteratively, where step in nth iteration is
determined by

_5f(yn71) f' (1)
F =) | fyn=1)

where the real factor 0 = |Ay,| is the length of the step Ay,.
We choose 9 such that the error of the approximation (A.6) is
less than 5%.

We estimate this error in the following manner. We write the
expansion of the real and imaginary parts of f(y) = u(y) +
jo(y) separately as

u(y) =u(yo) + Re[ ' (yo) Ay | + rua(y)
o(y) =v(o) + Im[f' (o) Ay | + roa(y)

where r,2(y) and ryz(y) are the reminders of the Taylor’s
series. These reminders can be written as

(A.8)

n =

(A.9)
(A.10)

1
ro(y) = zRe[f”(m(Ay)Z] (A.11)

1
ra(y) = Elm[f”(fu)(Ay)z] (A.12)

and &, and ¢, are unknown complex numbers, and

() = —4A(o + 13)? pops — 4A( + L) pip2 +
+4B(lo + 1) pop1 + 4B(l> + 13) pop3 +
—4(B—A)(lo+12)* popr—4(B — A)(l1 +13)*p1p3.

(A.13)
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Now we can estimate the maximum value of r,» as
1
()l = 71" @A) + /@) (ay ™| <

1 1 1
S Gy = 11" GlIAy P < SHIAy P
(A.14)

A

where

H = sup|f"(&)| = 4A|(o + 13)* + 4|Al(1 + 1)?
+4|Bl(lo+ 1)> + 4|B|(lr + 3)* +
+4|B — A|(lo + 1)> + 4|B — A|(l, + 13).
In a similar manner, we can determine that also |r,2(y)| <

1/2H|Ay|%>. Thus, the maximum error we make by the
approximation (A.1) is

Ae = |f(o+Ay) = f(ro) = f' (7o) Ay |
! 2)2: HIAyI®

Now if the relative error de = A€/| f(y)| should be less than
some constant d€max, We have

A€ H|Ay|?
= < J€max
LFOI 1f0)IV2

. (A.15)

(A.16)

SO we obtain

o=1]Ay| < 5€maxm-
V H

APPENDIX B
ERROR ANALYSIS OF THE REDUCED-REFLECTOMETER
CALIBRATION

(A.17)

In this appendix, we present an error analysis of the
reduced-reflectometer calibration. Results of this analysis lay
foundation for the calibration with a redundant number of
offset-reflect standards (see Section III-B).

For a given set of measurements and definitions, we have a
solution

B =I[E|, E2, E}, y]1" (B.1)

of the reduced-reflectometer calibration problem (15). Let
us assume that the calibration-standard reflection coefficients
have relative errors

[APO Ap1 Apo ApaT
Ay =TT s T s T
po pr P2 p3
which introduce a solution error

AB =[AE|, AEy, AES, Ay]T. (B.2)

We now want to find a relationship between errors Ay and A B.
Assuming that errors are small, we can rewrite (15) to first
order as

[P(y)+ AP(y, Ay)l(x + Ax)
~P(y)x+ AP(y, Ay)x+ P(y)Ax

= AP(y, Ay)x+P(y)Ax =0 (B.3)

913

where

Ax = [AE], AEy, AES, 017, (B.4)

Approximating matrix AP(y, Ay) by use of the first order
Taylor expansion e 20’ +A7) ~ ¢=271(1 — 2] Ay), we further
obtain

Apy O foApo 0
| Ap1 O TiApr O
AP(y, Ay) ~ Apr 0 Tahp 0 +
Aps 0 T3Aps O
polo O fopolo 0
pitli 0 Tipilh O
—2A =~ B.5
/ p2la 0 Tapoly O (B-5)
p3ls 0 Tapsls O

Inserting (B.5) into
manipulations to

(B.3) leads after some straightforward

XAB = —Ay (B.6)
where
- 1 po_l fo _210—
E| + EsTy E; +E13F0 E1+ E3lg
! P1 Dy
X = | Er+E3 Ey +_E13F1 Ey1+ E3ly (B.7)
1 P I, —21
Ey + Esly Ey+ E3ly Ey 4 Esln
1 P3 I's _
L E1+ E3l's E1+ E3T3 Ei+ Ezl; i

Equation (B.6) relates the error A and Ay through the
calibration coefficient E; and E3, lengths [; of the offset
reflects, and their raw measurements fi, fori = 0,...,3.
However, it would be more informative to express this relation-
ship solely in terms of the reduced-reflectometer parameters
and calibration-standard reflection coefficients. In order to
obtain such a relationship, we eliminate I by inserting (10)
into (B.7). We can show that this leads to the following
equation:

X = XoE (B.8)
where
po1opy =2
1 p7 b =2
Xp=| " Pr, ! (B.9)
p2 1 py- 2D
py 1 pyt =2
and
~E, 0 E 0
E_ 1 1 -E, E 0
E\+ EE;| O 1 0 0
0 0 0 E|+ EyE
(B.10)

Equations (B.6) and (B.8) are our main result and are
used in the averaging technique discussed in Section III-B.
Based on these equations, we can also develop a qual-
ity factor for the reduced-reflectometer calibration which



914 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 65, NO. 3, MARCH 2017

is used in the algorithm for choosing the best set of
reduced-reflectometer calibrations (i.e., the averaging scheme),
discussed in Section III-C. We define this factor as the deter-
minant of the covariance matrix of the solution (B.1) [17].
In order to calculate the covariance matrix of this vector, we
assume that the most important error sources are connection
nonrepeatability and errors in standard definitions, and we
neglect the VNA raw measurement errors. We further assume
that the real and imaginary parts of relative errors Ay have the
same variance and are uncorrelated, while their mean value is
zero. This is only an approximation, as in fact often one of
the error components (typically the phase error) dominates.
However, as demonstrated in [19], this approximation leads
only to a slight overestimation of solution variances. Since
the quality factor we develop will be used only to compare
different reduced-reflectometer calibrations, we can accept this
approximation.

Based on the above, the covariance matrix of Ay can be
written with the use of complex notation as

¥ ay = E[AyAyT]. (B.11)
Consequently, we can write
Tap =EIABASTI = E7IX) ' EayX PET#. (B.12)
The determinant of this matrix can be now written as
dot %55 — LT B2l det By (B.13)

det(X{Xo)

We see that this determinant depends on calibration stan-
dard parameters, the covariance matrix of errors, and the
reduced-reflectometer parameters. Since the dependence on the
reduced-reflectometer parameters is by a constant multiplica-
tion factor, we can introduce the normalized determinant of
the covariance matrix

_ det T ag _ det X ay
TTIE ¥ BEF ~ daXPXo

(B.14)

which will be our quality factor. We finally observe that the
smaller is the quality factor g, the smaller are calibration
errors.

APPENDIX C
APPROXIMATE ALGORITHM FOR FINDING
THE AVERAGING SCHEME

We first analyze all of the C ftv subsets to find the one with
the best quality factor (B.14). Let this first subset contain
offset reflects with indices ip = [ioo,iol,ioz,i%]r. Let us
further define the set ¢ that contains indices of reflects that
have already been included in the averaging scheme. After
choosing the first four-element subset igp, we have ¢y9 =
{i0g» i0;» 10, 103}

Now, when constructing the kth subset we look for the best
four-element subset according to the quality factor (B.14),
whose three elements belong to the set ¢;_; while the fourth
element to the set {0, ..., N — 1} \ ¢x—1. Let this subset have
indices ik = [iky, ik;» iky» ikS]T, where iy, ix,, ik, € ¢k—1 and
ity €{0,..., N =1} \ ¢r—1. We then update ¢y = ¢y_1 Uiy,

10000
= 1000 | K-1 next to best subsets
&8
z
Ei
<o 1001

best subset
10

0 5 10 15 20 25 30 35 40
Frequency (GHz)

Fig. 6. Quality factor (B.14) for K best subsets calculated for eight
quartz-CPW offset shorts discussed in Section IV.

and proceed to the choice of the (k + 1)th subset until all of
the reflects have been added to the averaging scheme.

In Fig. 6, we show results of this algorithm for eight CPW
offset shorts used to implement the multireflect-thru consid-
ered in Section IV. We show there the quality factor (B.14)
for K best subsets computed independently at each frequency.
We observe that (B.14) for all of the subsets is frequency
dependent and increases close to the lower frequency of the
calibration where the phase shifts off all offset shorts become
comparable.
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