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Calibration of vector network analyzers on the basis of the
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Abstract. The LRR method for the calibration of vector net- tenna positions might be critical due to changes of the beam
work analyzers is presented. This method belongs to the selfropagation. The calibration structures of the LRR method
calibration procedures where the calibration circuits might beare very similar to the ones of the LNN method (Heuermann
partly unknown. The LRR calibration circuits are all of equal and Schiek, 1997). A symmetrical, reciprocal network, the
mechanical length in contrast to the well known TRL cali- so-called obstacle, is placed at three consecutive positions.
bration, which needs a line-standard with a different lengthWhile this obstacle network has to show a transmission for
than the other calibration standards. For the LRR method ithe LNN method, the networks of the LRR method consist
is thus not necessary to displace the connectors of the vectaf reflections, which might or might not show a transmis-
network analyzer during calibration in order to contact the sion. The LRR method is thus able to perform a calibration
calibration structures. The calibration circuits mainly consiston the basis of reflective networks, which leads to an enlarge-
of reflective networks that have to be placed at three conseament of the bandwidth in comparison to the LNN method.
utive positions. As the algorithm accounts for different dis- The calibration structures of the LRR method can be real-
tances between the reflective networks, the circuits are easiged very easily as etched structures in microstrip technology
to realize. The robust functionality of the LRR method is or as metal plates for free space applications for instance.

confirmed by measurements. In the following the theory of the LRR method is pre-
sented, where in principal two cases are distinguished. In
the first one, the obstacles are assumed to show no transmis-
1 Introduction sion at all and in the second one, the obstacles might or might
not show a weak transmission. Both solutions are described,

At microwave frequencies the complex scattering parameterg)ecause depending on the realized calibration structures the

of linear devices can be measured with vector network anaappropriate way should be chosen in order to improve the ac-

lyzers (VNA). The analyzers have to be calibrated in ordercuracy. In addition the algorithm of the LRR method for dif-

to eliminate systematic errors from the measurement resultderent distances between the obstacle positions is presented.

For the calibration of a VNA with four receivers it is advan-

tageous to use self-calibration techniques where the calibra-

tion standards can be partly unknown. The commonly used

TRL (Thru Reflect Line) method (Engen and Hoer, 1979; Eul 5  The LRR method

and Schiek, 1991) needs a line-standard that differs in length

from the other calibration standards. In order to contact the o o )

calibration circuits the distance between the connectors off he calibration circuits of the LRR method consist of two

the VNA has to be changed. Therefore a more complex testine-elements of the mechanical lengthnd of an object to

fixture is needed. The TRL method is thus for example notbe calibrated, the so-called obstacle, which has to be placed

suited for applications where the connector distance is fixed@t thrée consecutive positions as depicted in Fig. 1, compara-
The LRR method (Ine Reflect) solves this problem, be- ble to thg LNN calibration. The main difference to the LNN

cause its calibration circuits are all of equal mechanicalMéthod is that the LRR obstacle networks may be transmis-

length. This method can thus be used advantageously fopOn free. A description of the obstacle networks on the basis

instance in free space systems where a variation of the a2 transmission matrices as for the LNN method is thus not
possible. At first the LRR method is presented for the case

Correspondence td: Rolfes (llona.Rolfes@rub.de) that the obstacles show no transmission at alll.
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Fig. 1. Principal setup of the LRR calibration circuits wité) equal
and(b) different lengths.

My=G~'LLH
as,1=k*pba 1,a31=pbs 1
az,2=k?pba 2, az2=k?pbs o

_ g4
az,3=pba 3,a33=Fk"pbs3 3

Fig. 2. LRR calibration structures in microstrip technology.

2.1 LRR method without transmission
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Fig. 3. Simplified block diagramm of the analyzer setup

where the two variables; andy; correspond to the measure-
ment valuey; ; and the unknown calibration standard param-
eterp; ; and the constaniSy, . .., C4 represent the error two
port parameters of Eq. (2). Concerning the two-port H a sim-
ilar equation can be found on the basis of the wave parameter
description in Fig. 3.

aq; —1| b3, 1| b3
y — H » — H y
|:b4,i ] [a3,i ] [,Or,ibs,i ]
With the help of the first structure of the LRR method in
Fig. 2, the through connection witlg = G~1LLH , the de-

pendence of the error two port parametecan be replaced
by the error parametes:

(4)

as, ay 1 b3,
Mo| 4 | = |4 | =G lL | 73 |=
O[bAi] [b;i} [Pmb&i}
[ k2b3; ] . |:k 0]
G ; with L = 5
|:,0r,ik2b3,i 0k1 ®)

In this way, another bilinear transformation in the error two

For this variant the calibration structures may be realized e.gport paramete6 results withg,; = k4o *.
in microstrip technology as open-ended transmission lines as ’ "

depicted in Fig. 2. The calibration circuits can be described

with the help of a line parametér= ¢~/ with the unknown
propagation constant and a reflection coefficiend. The
wave parametersy;,...,as; andby;...ba;, i = 1...3

are defined according to the setup in Fig. 3 where the re-621k4p;i1 + G - Go16ri + Gaz

flection coefficients; ; andp,; refer to thei different posi-
tions of the reflective network& andH are two-ports which

b ag;  Gu1k®b3; + Gioprik %b3;
rio— 7, — = ~ -
by;  G2ak?b3; + Gooprik2b3,

Gllk‘lpr_’il + Glz . éllﬁr,i + (~;12 (6)

The reflection coefficientg;; and p,; correspond to the

represent the systematic errors of the VNA. During the self-measurement values, andv,; with:

calibrationG andH are eliminated in order to determine the
unknown line parametdrand the reflection coefficient

For this purpose the error two-pdt 1 is described by the
following equation withG = G~ 1

by = | az; = | p1,ib2,
y — G ) — G 3 y
|:a1,i:| [bz,i] [ by :|

1)

pr1=k* = v1,p1 =kt =1
pr2=k?p = vi2.pr2=k*p"t= v
PL3=p SV303=p " =3

)

On the basis of the measurement of four reflection coeffi-
cients four equations of the type of Egs. (2) and (6) result, so
that the unknown error two port paramete&rss, G12, G21

resulting in a bilinear transformation (Schiek and Gronefeld,and G, can be eliminated. This can be performed with the

1999).

bii _ Gupibzi + Giob2i _ Gupri+ G2
avri  Goipribzi + Gazb2i  Goipri + G2z

()

Vii =

Such a bilinear transformation, also known a$iis-
transformation, is generally defined as, (Schiek, 1999),

_ Cy;+C

X = 3
! Cayj+Ca ®)

help of the cross ratio

(y1—y2)(y3—y4)  (x1—x2)(x3 — x4)

= (8)
1 —ya)(y3—y2)  (x1—xa)(x3 —x2)

which generally holds for a bilinear transformation as given
in Eq. (3). A set of equations can thus be constructed, which
only depends on the unknown reflection coefficiemsind the
unknown line parametérin dependence of the measurement
valuesy; ; andv, ;, as e.g.:
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different bilinear relations can be written.
- (z—vr3)(v2—v2)
B (vi,3—v,2)(vr2 — v 3) - V1,3 —vr3)(vr2 —v12) _
_ (= p™HPo™t — k2p) © e uw2ln-va
(p — k2p)(k2p~1 — p~1) (p—p HK2p~t —k3p)

_ _ (17)
Gy — (1,3 —vi,0) (V1 — vr3) (p—k2p)(k2p~L — p~ 1)
(13— 1:,3)(1:,1 —1 vI,1) . 5, = (3= V)1 —vra)
_ =k pl)(k4p‘1—p; ) (10) 2T z—vadi—w)
O (p — KBk3p)(2KZp~1 — p a8)
~3 _ V1,3 Vi,1)(Vr,3 Vr,2 (,O — p_l)(k:lz_k%p_l _ k:lz_k%p)
(V1,3 = vr2)(v,3 — vi,1)
(0 — K*p) (o=t — k2p) by = (1 — v 2)(vr2 — v 1) _
= (,o kz,o)(,o_l K0) (11) (11 = vr) (V2 — vi.2)
PR S . (kik3p — kip)kEp~* — kik5p~h)
The line parameter and the reflection coefficient are thus cal- K2k2p — K22y D k2oL — k2 (19)
culable as follows: 1%2p — Kikap P g
Se_ 1 k2 G — 3 —v, )3 —v2)
k4 + k2(2 — V1) +1=0, ,02 = kz(kj(fjg T (12) 4= (vi,3—v2)(v3— V1) -
_ o (p — k3k3p)(p~1 — k2p) 20
2.2 LRR method without transmission and unequal obsta- (20)

_ kz -1 _ k2k2
cle distances (p —kip)(p 1k5p)

, After some transformations the following equations for the
In order to account for different lengths between the obstaclgjeiermination of the line parameters and the reflection coef-
positions as shown in Fig. 1b the following algorithm has t0 ficient result:

be considered. The line elements of the mechanical lengths

I1 and!, can be described in dependence of the propagationz | , V13 —¥iva—1 ., . Vs
. ; ol sthko——"=——+1=0 k=———,
constanty with the line parameteré; = ¢ V't andky = /D102 +/V1V2 — k2
— l . . . .
e 72 and the corrgspondmg tran§m|35|on matritesand 1 1-— kfk% + ‘34(,(% -1
L,. According to Fig. 3 the following wave parameters can p~ = (21)

be defined: k21— k23 + Dak2(kZ — 1)

The two previously discussed solutions are based on the
premise that the obstacle networks show no transmission.
5 ) For the case that they may have a weak transmission, the
az2 =kipb22,  as2=kypb3?2 following variant of the LRR method is appropriate.

az3 = pbz3, as3 = kZk3pbs 3 (13)

272
az1 = kik50b21, asi1=pbs1

2.3 LRR method with a weak transmission
Considering the previous description of the error two-port

G, Eg. (2) is also valid for this calibration setup. On the This algorithm is based on the representation of the obstacle
other hand for the error two poH a modified relation re- networks with pseudo-transmission matrices. As the obsta-
sults. Starting from Eq. (4) and with—1 = My~ 1G~1L 4L, cles might also be realized as pure reflections, the networks

one gets: cannot be described with transmission matrices, because in
a4 da ba,; this representation a factanm; might become zero. Accord-
Mo [bJ = [bf"} =G L1l [p bl3 ] = ing to Fig. 3 the measurement matrix is defined as follows,
4 r,iV3,i
<[ kikobs; } [bi b1 1 by, —ay,
G - 7; , 14 MI — .1 ") N4 N (22)
[mkl ey s, a4 ay af; | @y by —a b by
so that the following bilinear relation results where the primes indicate from which side of the setup the
a;l_ Gukfkﬁp,‘,-l + G12 G11pri + G gene_rator §ignal is fed in. By multiplying the measurement
Vi = ’ = (15) matrices with the factotm; = ay ;b}, ;,—ay ;b ; the pseudo-

by Gz1kfk§p;i1 +Gn  Gatpri+Goo
For the structures depicted in Fig. 1b with:

transmission matriceéi result.

) ~ Am; | S12;821; — 82, . S11;
pr1=k5k3p = vi1,  pra=kiksp Tt = vea i l [ PR T S =

© So1i =511, 1
_ 2 5 k2,1
p1,2 10 = V1,2, Pr,2 10 "= V2 1 [ i — 02 p
~ _ —_— D 23
pL3=p = V3, pra=p =3 (16) [Lri [ —p 1] (23)
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The transmission characteristics in forward and reverse di-

rection are described by ; andu,;. These values arere- |l TN +

lated to the scattering parameters of the obstacle as follows:

nfi = SZZLI/Amu Mri = S12; - Am; andﬂfl Am; = () (b)

Am;/u,; taking into account the reciprocity of the obsta-

cle. In order to determine the unknown obstacle and lineFg- 4. Obstacle networkéa) without or (b) with transmission.
parameters the obstacle networks are positioned as depicted

in Fig. 2. Considering the setup in Fig. 1a, the follow-

ing pseudo-transmission matrices can be constructed Wlth
Mi = Am;M; andQ; = Am;Qfori =1,...,3:

My =G 1OiLLH & =
~ - 7’ fem st as S oy K|
M3 =G~ 1LL QzH (24)

For the obstacle matrices at the different positions it can be
found thath = Q/ns1.Qz = Q/us2andQs = Q/upz L
whereQ is defined as:

2 A A
A — |Hfkrr = P7 P | 911912 25
Q [ —p 1] |:6121 6122:| (29)

Fig. 5. Foto of the device under test which is a bandpass filter.

As already explained in conjunction with the other methods,
an approximate knowledge of the circuits dimensions is nec-
_essary in order to choose the correct solutions.

with wripus1r = a2 = uyr3ur3 because of the reci-
procity.

On the basis of this representation, the following trace rela
tions can be evaluated:

b= triMiMo ) = 7 3r(Q)
52 = 1r{MoMo ) = u3r1Q)
b3 =1r(MaMo ) = u73ir(Q)
84 = tr{MaMo "MiMo~1)

= it QLAL T

3 Experimental results

For the verification of the developed LRR method the ca-
libration circuits are realized in microstrip technology.

The obstacles consist of open ended transmission lines as
depicted in Figs. 2 and 4. They might also be realized as open
ended stubs as shown in Fig. 4. The LRR solution reveals
singularities when the electrical length of the line element

~ -1~ -1 becomes a multiple of the half wavelength, as is also known
% = tr{M3M(i M}Mfl ) from the TRL angthe LNN methods. ’
=y_;]l_u;§tr{QLL oL LY (26) Measurements of a planar stripline bandpass filter as
These equations can be transformed into a set of nonlmearhOWn in Fig. 5 were performed with a VINA (HP8510C)
equations. on the basis of the LRR method in comparison to the TRL

method. The measurements lead to similar results which are
27) shown in Fig. 6. The measured scattering parameters show a
good agreement between the two methods.

mr181 = Gi1+ g2z
11t p284 = G5 + G5 + G12G21(k? + k) (28)
1 p1r3d6 = 421 + G35 + G12G21 (kK" + k) (29) |
The unknown parameters can thus be determined as foIIows4 Conclusion

515653_1 _ 8% + 2Am§ A new self calibration procedure, the LRR method, is pre-

(k+k~H? = ,
81848, — 62 + 2Am2

1
= —(—h2£/h%—4h3),
Mnr1 2h1< 2 2 3)

p? = Am%u% —nrd1+1 (30)
with

h1 = 818481 — 83 + Am2(2 + hs),

h2 = —61h3,

ha = (k — k™12 (31)

sented. The LRR calibration circuits are all of equal mechan-
ical length. This is advantageous for the calibration of vec-
tor network analyzers, as for instance for applications where
the connectors of the analyzer measurement ports cannot be
displaced. A realization of the calibration circuits as etched
structures in microstrip technology is shown. The precision
of the LRR method does not depend on the precise position-
ing of the obstacle networks, because the algorithm accounts
for nonequal distances between the obstacles. The robust
functionality of the LRR method is confirmed by measure-
ments.
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Fig. 6. TRL (= =) and LRR method-—) applied to a bandpass-filter.
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