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A New Robust Method for
Six-Port Reflectometer Calibration

Frank WiedmannMember, IEEE Bernard HuyartMember, IEEE Eric BergeaultMember, IEEE and Louis Jallet

Abstract—A new robust method for finding the parameters unknown but well-distributed phases. This method takes its
of Engen’s six-port-to-four-port reduction algorithm for six-  jnspiration from an algorithm proposed by Stumper [4], [5]
port reflectometer calibration has been developed. Like other who himself was using an idea of Neumeyer [6]. Stumper’s

previously published methods, it uses a minimum of five loads d is similar i ts o th ted b
with an unknown but constant absolute value of the reflection PFOCEAUre IS simiiar in some aspects 1o the one presented by

coefficient and unknown but well-distributed phases. However, ENgen in his original paper [2], the latter, however, needed
the quality of the parameter estimates is improved, especially in additional loads to determine the five parameters without
noisy environments, by efficiently eliminating cases in which these ambiguity. Our algorithm starts from the same principal ideas
earlier methods may become ill-conditioned. The new method has as these earlier approaches, but adds several new elements
been used successfully to calibrate a newly developed six-port,_ . .

to improve the accuracy in cases where those methods may

reflectometer in GaAs MMIC technology working between 1.3 i .
GHz and 3.0 GHz. become ill-conditioned.

Index Terms—Calibration procedure, network analysis, reflec- Another popular algorithm for finding the initial estimates

tion coefficient measurement, six-port reflectometerS-parameter @S also been proposed by Engen [3] and uses nine or more
measurement. completely unknown but well-distributed loads. This method

generally requires a larger number of measurements to be made
during calibration than the procedure presented here which
only needs a minimum of five loads. It also seems to have
MONG the many algorithms which have been proposesbme problems in cases where all the reflection coefficients of
for the calibration of six-port reflectometers (SPR’s) [1]the unknown loads used for the calibration have approximately
Engen’s six-port-to-four-port reduction [2], [3] seems to bthe same absolute value [7].
one of the more attractive choices. This procedure determines
the dependencies between the different power meter readings, Il. SIX-PORT-TO-FOUR-PORT REDUCTION
yielding five real-valued reduction parameters which permit to
transform the SPR into a virtual four-port. No known standar%s
are required for this reduction. The value measured by t
virtual four-port is related to the reflection coefficient of the P, = |w)? (1)
device under test by a so-called “error box” transformation. ZPy = jw — wy|? )
The three complex parameters of this transformation may be RPy = |w — ws? 3)
found by using one of the many existing methods for the 3 2
calibration of traditional network analyzers. wherew is the complex reflection coefficient at the input of the
One of the great advantages of Engen’s method is thataginary ideal four-port reflectometer and the= - denote
it makes an efficient use of the redundancy contained the power valueg, to ps;, measured at the ports labeled 1 to
the power meter readings. In fact, the values of the fi& normalized with respect to the power vajuemeasured at
real parameters of the six-port-to-four-port reduction mayie reference port 4 of the SPR. The five reduction parameters
be optimized with respect to a nonlinear constraint equati@® be determined by the calibration are the values of the real
containing the parameter values and the power meter readingissitive variablesZ, R, andw,, and the real and imaginary
This optimization often permits to improve the accuracy gfarts of the complex variable,.
measurements made with the SPR significantly. However,Engen [2] has shown that the variahiemay be eliminated
good initial estimates of the five parameters are needed fasm (1) to (3) yielding the nonlinear constraint equation

the optimization to converge [2]. ) 92 92
We will present here a robust method for finding these initial APL + BZ°Py + CR° Py +(C - A= B)ZP P

I. INTRODUCTION

Using the same notation as Stumper [4], the six-port-to-
ur-port reduction [2] is given by the equations

estimates using a minimum of five loads with an unknown +(B-C—-ARPIP3+(A—B—-C)ZRP,Ps
but constant absolute value of the reflection coefficient and +AA—-B-C)PL+B(B-C—AZP,
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wheredy, d;, andd, are the distances between the circle center
and the originuwy, andw., respectivelyy is the radius of the
circle, «v is the angle between the origin and a point on the
circle with respect to the circle center, apgd and ¢, are the
angles between the origin and andw. with respect to the
circle center, respectively.

It is possible to eliminatex from (9) to (11), resulting in
d2 three equations of ellipses of the form (cf., [2])

Im w

Wa

VB RPs X, P4 2Xo PP+ X3 P24+ 2X,P+2X5P+1=0  (12)

(i,k =1,2,3;i # k), which are linear in their five parameters
X; to X;5. These parameters may be determined with the
help of five loads having a constant absolute valud" dfut
L different phases by solving the corresponding system of linear
d ' 70 equations. To obtain more accurate results in the presence of
noise, more than five loads may be used to find least-squares
VP di solutions of the systems.
0 JC wr Rew Once X, to X; have been found, the extrema Bf may
be calculated by (cf., [4])

F)iext

Fig. 1. Thew plane with the circle of constaff’| values.

1

— w2 = ——— (X X; — X3X
C =wi. 7) Xng_XQQ( 2 344

Equation (4) describes the dependencies between the power 4 \/(Xsz — X3 X4)2 — (Xng — X%) (X3 — Xf))
values with the help of the reduction parameters and must be (13)
fulfilled for any value ofw.

However, we have made the experience that this method tends
[Il. DETERMINATION OF THE REDUCTION PARAMETERS to become inaccurate for configurations where the correspond-
igg ellipse is relatively flat, since there is always a certain

The algorithm for determining the reduction parameters us e
the fact thatw and the reflection coefficierit of the device amount of noise in the power measurements. The case of a flat

connected to the measurement port of the SPR are relateoegépse_ Is the one V\.’h'Ch Is most sensitive to this noise; here,
a bilinear “error box” transformation of the form small inaccuracies in the measured power values may lead to
rather large errors in th&,.,; calculated from (13) via (12).
w = al’ +b (8) This situation can easily be detected by the fact that the two
c'+1 possible pairs?;, P, and P, P, (£ = 1,2,3;£ # i;4 # k) do

which maps circles into circles (with straight lines as limitingiot yield approximately the same result {8y, but it may be
Cases) [2] Thus, measurements of loads with a constélifficult to decide which of these two different results should
absolute value of will be lying on a circle in thew plane. be used.
However, radius and center of this circle are unknown, sinceTo solve this problem, it is useful to obtain a larger
the parameters, b, andc of the bilinear transformation havenumber of estimates for the minimum and maximumiof

not yet been determined. and to retain the median of them as the final solution in
order to eliminate such ill-conditioned situations. Using the
A. Determination ofZ and R trigonometrical relation (cf., [8])

This first step of the calibration procedure is very similar &y cos(a — 61) + ka cos(ex — 02) = kcos(ae — 8)  (14)
to the one proposed by Neumeyer [6] and Stumper [4] with,

1
the difference that it adds the possibility to eliminate illWith
conditioned configurations. E= /K2 2
) . . = + k5 4+ 2k1kocos(6y — 6 15
Fig. 1 shows an example of the plane with the circle \/ LT A _( 2= 6) (19)
formed by loads with a constant absolute valuel'ofThe 0 — arctay P10 + ko sin b2 (16)
idea is to determine the mininB& ,,;, and the Maxima?; ,,ax k1 cos 02 + k2 cos 62

of the F; corresponding to this circle. This may be done by is easy to see that every linear combination Bf and
obserymg that_usmg the IaW_ of cosine, one can write the, will be of the same general form as (9) to (11), namely
following equations for the points lying on the circle K1 + Ky cos(a — o). (Here K;, K, and ¢ are functions
P = dg 412 — 2dyr cos a ©) of r, dy, di, do, v1, w2, Z, R, and the coefficients of’,
ZP, = d% +7,2 — 2dyr Cos(a _ <P1) (10) lin this paper, the notatiomrctang is used as an abbreviation for

) ) Im(ln(z+jy)), wherej is the imaginary unit with? = —1. This expression
RPs =d5 +r° — 2dar cos(a — @2) (11) s equivalent to the result of the Fortran or C functioman2(y, ).
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and /% in the linear combination, but are independentoof vc = arctan dy sin gy (25)

Each of these linear combinations will thus as well form an dycospr —do’
ellipse together withF;. Therefore, by substituting variousTn,,s after the extrema of) 4, Qp, and Q- have been

linear combinations of, and P (like P + Py, P — Pr; determined by the method presented in the previous séction
P, +2P,, etc.) for P in (12) and applying (13) to the solution 4 5 andC may be calculated as
of the corresponding systems of linear equations, the required

additional estimates for the extrema Bf can be obtained. A= Qi max — Qamin | (26)
Once the minima and maxima &f to P; have been found, o 4r
Z and R may be calculated as in [6] and [4] by noting that On — OB wm 2
from (9) to (11) follows that B = < = ym mm) (27)
\/Pl max T \/Pl min — \/ZP2 max T \/ZP2 min C= <QC max QC min>2 (28)
= \/RP 3 max T \/RP 3 min 4r
=2r (17)  wherer follows from (17) as
which leads to = \/Pl max T \/Pl min (29)
5 .
2
P max P min . .
Z = <\/ Lmax TV ) (18)  WhenA4, B, andC are known,w; andws = us + jua (j
VP2 max F VP2 wmin ) being the imaginary unit with? = —1) can be calculated as
P max P min i
Ro <\/P1 :F\/Pl ) . gy M [3] as
\/ 3max T \/ 3 min wy = \/5 (30)
In these equations, the minus signs have to be uségdf r o — B+C-A (31)
for the correspondind; in (9) to (11), i.e., if the originaws, 2 2un
andw», respectively, are positioned outside the circle formed R /B 2 (32)
by the loads with constardt’|. This will be the case in most 2T z

situations where the SPR is designed in a way that the sgre sign in (32) cannot be found without some known loads.
called g-points [1] have an absolute value greater than onewill be determined during the calibration of the “error box.”

and where passive loads are used for calibration. The valuew = v+ jv of an unknown load is then given by [3]
_ 2
B. Determination of4, B, and C u= % (33)
w1
This second step of the calibration procedure is now com- P, — RP. 2 2 _9
pletely different from the one proposed by Stumper [4], v="2 ki +2uj s il (34)
2

[5]. In his method, the remaining reduction parameters are
determined from the solution of an ellipse equation formed
by two different linear combinations af;, to P5;. Using his
algorithm, there is no way to find an accurate solution if this After the initial values ofZ, R, w:, u», andwv, (or of Z,
ellipse is very flat and there is noise in the measurements.; 4, B, and C) have been found, they may be optimized

It would be an advantage if we were able to obtain not onRy using either (4) as proposed by Engen in his original
one estimate like Stumper, but several of them, like it was tR@Per [2] or with the help of a different constraint equation
case in the previous section, so that we could eliminate sudfpPosed by Potter and Hijipieris [9], which tends to converge
ill-conditioned configurations by using the method describ&igtter in the presence of noise. It is also possible to use the
there. This can be done if we find a way to calculate tHgethod proposed by Judish and Engen in [10], which has some
remaining three reduction parameters from the minima aHyeresting statistical properties for on-line error estimation
maxima of linear combinations aP; to Ps. but usually takes rather longer compared with the other two

Fortunately, there exists a simple solution for this problergonstraint equations. It optimizes not only the five reduction
Using (9) to (11) and (14) to (16) as well as the law of cosinfarameters but also all the values of the different loads,
it is possible to show that the following relations hold for th&esulting in a large number of variables which have to be

three newly defined quantitie9 .4, Qp, and Qc: optimized.
Finally, the three complex parameters of the “error box”
Qi =RP;—ZP, =d3 —d? — 27’\/Zcos(oc —@a4) (20) transformation (8) have to be determined. One simple possi-
d sin s — dy sin @ bility for this is to use three known loads and to solve the
dp cos @a — di cos @1 (21) resulting system of linear equations for the three parameters
Op =P — RPy = d2 — d% — 2rvBeos(a — o) (22) b, andc. Many other, more sophisticated methods have been

. described, e.g., by &a [11], who only uses one known load
—ds sin @9

IV. FINAL STEPS

@4 = arctan

(23)

$p = arctan 2This method may be applied here, because, as mentioned before, linear

5 5 combinations of the normalized powers likg4, Q@ g, and Q¢ are of the
Qe =2ZP,— P, =di —di — 2rvVCcos(ae — o) (24) same general form as the normalized powers themselves.

do — dg COS @2
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Fig. 2. Plot of P, againstP, at 2.5 GHz. Fig. 3. Plot of P, againstP, at 1.8 GHz.

together with two different sliding terminations. For a dual These problems were finally solved by the idea to use
SPR, one of the many existing algorithms for calibration cfeveral linear combinations of the powers as described before
automatic network analyzers may be used, e.g., the populaorder to obtain more reliable estimates for the minima and
“Thru-Reflect-Line” [3] or one of its generalizations [12]. maxima of theF; and to extend this method to the second part
The sign in (32) may be determined by comparing the value$the algorithm whered, B, andC are determined, resulting
of the reflection coefficient for an approximately known loath a fairly robust algorithm which is likely to work for almost
obtained after full calibration or by verifying that the reflectiomny SPR configuration.
coefficients of the loads used to find the initial estimates of The SPR in MMIC technology was calibrated with the new
the six-port-to-four-port reduction all have the same absoluteethod using eight well-distributed loads witly| = 0.5
value and rotate in the correct sense [6]. This method may alsad eight different combinations of thE; and the(); for
be used to determine the signs in (17) to (19), if this shoufahding the minima and the maxima. The initial estimates were
be necessary. optimized using (4) with a Newton descent algorithm. The
virtual four-port was then calibrated using three known loads
(open, short, match).
It was found that from the eight different estimates for each

The method described here has been used to calibrafeth® extrema of theP; and the(;, not more than one

a newly developed SPR in GaAs MMIC technology [13]°" two were totally_o_u_t of range due to an ill—ponditioned
which works between 1.3 GHz and 3.0 GHz. The integraté&mf'gurat'on- Th_e initial estimates obtained with the new
diode detectors were linearized at 2.0 GHz using the meth@lgthod never differed by more than 7% from the values
described in [14] with the correction function given in [15]. OPtained after optimization, and there were no cases where
In the beginning, we had used the method proposed Bva optimization d|.d not converge. The refl_ectlop co§ﬁ|C|ents
Stumper [4], [5] to find the initial estimates for Engen’d spr Measured with the new SPR after this calibration were
six-port-to-four-port reduction algorithm. This worked welompared to the reflection coefficienfs,, measured with a

at most frequencies, but there remained problems at sofifnmercial network analyzer. The maximum absolute differ-

frequency points, especially around 2.5 GHz, where it w&91c8¢ = [I'spr — I'na| between the measured valtiesas
almost impossible to calibrate the SPR with this method. 0-02 between 1.6 GHz and 2.6 GHz and 0.04 between 1.3

A closer examination soon showed the reason for theS4iz and 3.0 GHzfor loads distributed over the whole Smith

difficulties. As can be seen in Fig. 2, there was almost a lineghart [13]-

relationship betweei?; and P, so that due to the noise in the

measurements, it was practically impossible to determine their V1. CONCLUSION

minima and maxima accurately from this ellipse which had A new robust method for finding the parameters of Engen’s
nearly degraded into a straight line, even when using a largig-port-to-four-port reduction algorithm has been developed.
number of loads. (For comparison, Fig. 3 shows a more typlca‘LThe absolute difference between the reflection coefficients is the most

situation with a well-shaped ellipse.) It would, of course, haugeaningful quantity for an SPR, since there are no separate error mechanisms
been possible to get the necessary values from the other f@roamplitude and phase errors in this device. Giving a relative difference

eIIipses but in an automated procedure it may be difficult Bsould not be very useful either, because the accuracy of an SPR generally
! 0es not improve very significantly near the center of the Smith chart.

decide which of t_he different results should b_e trusted. A MOr'€There are two reasons for the larger differences near the band edges: first,
severe problem is the last step of the algorithm whereis the sensitivity of the power detectors is decreased, so that there are larger
calculated from the parameters of the ellipse formedy uncertainties in the power measurements, and second, the so-ggitedts

dzP hich t be det ined v d re in less favorable positions, so that these uncertainties also have a stronger
ar.‘ L2y w ) "C canno ; € e ermined very accurately due luence orl'spR . This has nothing to do with the accuracy of the calibration
this ill-conditioned configuration.

algorithm itself.

V. EXPERIMENTAL RESULTS
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It uses a minimum of five loads with an unknown but constanis] C. Potter and A. Bullock, “Nonlinearity correction of microwave diode
absolute value of the reflection coefficient and unknown but detectors using a repeatable attenuation stifictowave J, vol. 36,

well-distributed phases. The new method improves similar

pp. 272-279, May 1993.

existing algorithms by calculating several estimates for all
parameter values which have to be determined, making it

possible to eliminate configurations where the corresponding
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systems of linear equations are ill-conditiorfe8uch a situa- Germany, in 1968. He received the Dipl.-Ing. degree
tion had occurred at some frequencies during the calibration in electrical engineering from the University of
a newly developed SPR in GaAs MMIC technology functior Stuttgart in 1994 and the Ph.D. degree in electron-

ics and communications from tHecole Nationale

ing between 1.3 GHz and 3.0 GHz. The new method made - Superieure des &lecommunications, Paris, France,
possible to overcome these problems and to calibrate the S | «» in 1997, where he worked on the development

algorithms for their calibration, and on the design
of monolithic microwave integrated circuits.

over the whole operating range without any difficulty. = of new structures for six-port reflectometers, on
is', A

(1]

(2]

(3]

(4]

(5]
(6]

(7]

(8]

(9]
[20]

(1]

[12]

(23]

[14]

He is now with Texas Instruments Deutschland
GmbH, Freising, Germany, where he is working on the design of radio-
G. F. Engen, “The six-port reflectometer: An alternative networkrequency integrated circuits.
analyzer,” IEEE Trans. Microwave Theory Teghvol. MTT-25, pp.
1075-1080, Dec. 1977.
, “Calibrating the six-port reflectometer by means of sliding
terminations,”IEEE Trans. Microwave Theory Te¢hvol. MTT-26, pp.
951-957, Dec. 1978.
G. F. Engen and C. A. Hoer, “Thru-reflect-line’: An improved techniqu
for calibrating the dual six-port automatic network analyzdEEE
Trans. Microwave Theory Techvol. MTT-27, pp. 987-993, Dec. 1979.

REFERENCES

Bernard Huyart (M'92) was born in France in 1954. He received the
‘%ngénieur degree in electrical engineering from teole Universitaire des
Ingénieurs de Lille, Paris, France, in 1977, the Ph.D. degree in physics from
U. Stumper, “Finding initial estimates needed for the Engen methd eggcoledl\:stlonale Sﬁ’f‘g‘?tdfs élecommfunlcattrl‘onz (ENS-.I;)' Pfa['.s' in

of calibrating single six-port reflectometerdEEE Trans. Microwave » and tne research nabiitation degree irom the University of Limoges,

» Limoges, France, in 1995.
Theory “TSeeC?H;tocllrriﬁéI?trc])'mgeztgegi‘rtgc'ié]rullnglBEE%ntersuchung von Kalib- 1N 1978, he joined the staff of ENST, where he is currently a Professor.

rierverfahren,"Mikrowellen & HF Mag, vol. 18, pp. 162-169, 1992. His resear_ch inte_rests in(_:lude microvs_/ave instrl_Jmentation (six-port techniqu_es,
B. Neumeyer, “A new analytical method for complete six-port reﬂece_lectrooptlc probl_ng), noise ar_]d _nonl_lnear dev!ce measure_ment and modeliza-
tometer calibration,1EEE Trans. Instrum. Measvol. 39, pp. 376-379, fion, and the design of monolithic microwave integrated circuits (MMIC's).
Apr. 1990.

J. Li, R. G. Bosisio, and K. Wu, “Dual-tone calibration of six-port

junction and its application to the six-port direct digital millimetric

receiver,” IEEE Trans. Microwave Theory Te¢hvol. 44, pp. 93-99,

Jan. 1996. o _ Eric Bergeault (M'96) was born in France in 1963. He received the Bipk

I. N. Bronstein and K. A. SemendjajeWaschenbuch der Mathe-matik ¢ Etudes Approfondies (DEA) degree from the University of Limoges, Limo-
23rd ed. Berlin, Germany: Verlag Harri Deutsch, 1987, sect. 2.5.2.1 4qg, France, in 1987, and the Ph.D. degree in electronics and communications
p. 183. R ) ) from the Ecole Nationale Sugrieure des &écommunications (ENST), Paris,

C. M. Potter and G. Hjipieris, “A robust six- to four-port reduction algo-g,ance. in 1991.

rithm,” in 1993 IEEE MTT-S Int. Microwave Symp. Digp. 1263-1266.  £rom 1087 to 1990, he was a Research Engineer with the Laboratoire
R. M. Judish and G. F. Engen, “On-line accuracy assessment for te

Bntral des Industrie€lectriques (LCIE), Fontenay aux Roses, France
dual six-port ANA: Statistical methods for random erron&EE Trans. L - ' : ! o
Instrum. Meas.vol. IM-36, pp. 507—513, June 1987. He joined the staff of ENST in 1991, where he is currently an Assistant

I Kasa. “Closed-form mathematical solutions to some network anaIyZProfessqr. His research interest is in the field of microwave instrumentation

clalibration equations,|EEE Trans. Instrum. Measvol. IM-23, pp &hd he is malnly |nvo|\_/ed in res_earch with th_e six-port network_ a}nalyzer,

399-402. Dec 1974’ ' ' o T characterlza_tl_on of nonlinear devices, and applications to the optimization of

H.-J. Eul and B. Schiek, “A generalized theory and new calibration pr(g)_ol\sverBampllfleI[s',. ber of the Editorial Review C ith f the IEEE

cedures for network analyzer self-calibratiotfEEE Trans. Microwave T r. bergeault Is a member of the Editorial Review Lommittee of the

Theory Tech.vol. 39, pp. 724-731, Apr. 1991, RANSACTIONS ON INSTRUMENTATION AND MEASUREMENT.

F. Wiedmann, B. Huyart, E. Bergeault, and L. Jallet, “New structure

for a six-port reflectometer in monolithic microwave integrated-circuit

technology,”|EEE Trans. Instrum. Measvol. 46, pp. 527-530, Apr.

1997.

E. Bergeault, B. Huyart, G. Geneves, and L. Jallet, “Characterization béuis Jallet was born in France in 1946. He is a graduate of the National

diode detectors used in six-port reflectometetEEE Trans. Instrum. Institute for Telecommunications Administrations, Paris, France.

Meas, vol. 40, pp. 1041-1043, Dec. 1991. _ Since 1975, he has worked in the Department of Electronics and Physics,
Ecole Nationale Sugrieure des &écommunications (ENST), Paris, then

5The algorithm is also very useful to recognize if there is something wrorig the Communications Department as Head of the Radio-Frequency and
with the SPR system: if the ellipses used for determiringnd 12 are looking Microwave Group, which is associated with the Centre National de la
strange, there is either a problem with the power detectors (bad linearityRecherche Scientifique. His research activities primarily concern microwave
repeatability), or the SPR is not really a completely linear circuit like it isnstrumentation. He has published many papers about six-port junction sys-
required by SPR theory [1]. tems and MMIC functions.



