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Abstract—In this paper, a calibration of six-port
reflectometer using a new technique program is presented. It has
been shown that a calibration procedure is based on explicit
method, the method that capturing the output wave forms of six-
port junction and determines the complex relationship between
the two waves present at the input from the value of four outputs.
The number of calibrating standards and the computation effort
required are the most important parameters in selecting a
calibration technique. Comparison between the results obtained
from the new calibration method program with measurement
results show the validity of the method proposed. This calibration
technique can be used in general six-port direct digital receiver.
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I.  INTRODUCTION

Recently, six-port concept has been successfully applied in
modern communication receivers. For this reason, calibration
procedure is very important for the measurement accuracy.
Many microwave applications require the determination of the
reflection and or the transmission properties of a device under-
test (DUT) over a specified frequency band. Various
calibration procedures for six-port junction have been
suggested along the years [1-2]. Among the many programs
which have been proposed for the calibration of six-port
reflectometer, Hassan [3], introduced, the accuracy calibration
of a six-port reflectometer as an alternative to the conventional
ANA.

On the other hand, Yanyang and Frigon presented a new
type of six-port radio for ultra wideband containing one power
detector and one variable reference load [4]. Yanyang pointed
out that there exist exact relations between some system
parameters and integral quantities of the detected values for a
number of reference plane positions [5]. This technique is
advantageous  for  permitting  automatic  procedures;
nevertheless it requires a great amount of time to be
accomplished and demands a large number of known standards
necessary to the network training. Another technique requires
Schottky diodes with homodyne detection, but this procedure
would be entirely impractical to analyze a calibration
procedure [6].

Eventually, in this paper, a novel calibration method for a
compact six-port junction in SHF band is presented, in which a
remarkable improvement is achieved. The main objective is to
minimize the number of known standards required to increase
the dynamic range of the six-port reflectometer and accuracy of
the measurements. Following this, the simplicity of the method

provides for automatic calibration of modern applications like
wireless receivers. The comparison between theoretical results
and those obtained from graphic interface and experimental
results is presented to demonstrate the validity of the system
developed.

The analysis of the SPR, which is based on an analytical
description of the system behavior, is given in Section II. In
Section Il1-A, six-port calibration techniques have been widely
described. Finally the comparison between practical results,
developed program and those obtained by commercial software
is presented in Section I11-B to demonstrate the validity of the
system developed.

Il. SYSTEM DESIGN

The six-port reflectometer provides an alternative method
of implementing the ANA [7]. In common with the existing
design, CST Microwave Studio is chosen due to its ability for
the simulation and analysis of these items.

A. The Proposed Six-Port Circuit

The layout and prototype of six-port junction used in
calibrating system is shown in Fig. 1, experimental results have
been performed by using a HP8722 network analyzer.

It was designed with RT/Duroid 6010LM having a
thickness h = 0.508 mm and a relative dielectric constant er =
3.38.

The configuration of a compact six-port junction is
designed using elliptic-disc coupler with delay line us shown in
Fig. 1(a). by suitable choice of larger spacing between line
delay of compact elliptic coupler [8], a flat-coupling response
is obtained for the coupled ports, Table | shows the dimension
of miniaturized six-port prototype.

TABLE I. PARAMETERS OF THE PROPOSED SIX-PORT

Values, mm

Parameter values - - -
Initial Optimum values in
values values [8]

Semi-major (Sm) elliptical axis 215 21.44 25.71

W (width of the impedance steps) 2.25 2.23 231

Ds (length of the impedance) 4.95 4,91 52

Slot s (Wldh_ of delay line in 18 185 )

compact elliptic coupler)

D (dimension of six-port junction) 73.1 72.82 87.14
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As can be seen from Fig. 1(b), ports 1 and 2 are connected
to a local oscillator and received RF signals, respectively. The
other four ports (ports 3—6) are output ports and are connected
to power detectors.

Fig. 2 compares the simulated and measured scattering
parameters of fabricated single layer six-port prototype.

(b)
Fig. 1. Photograph of the Proposed Six-Port Prototype, (a) Layout Design,
(b) Fabricated Prototype.
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Fig. 2. Scattering Parameters of Single Layer Six-Port, (a) Simulation
Results, Measured Results.
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To reconfigure the magnitude a characteristic, the six-port
junction is adapted from 3 to 6 GHz with a resonance
frequency around 4.5 GHz. This figure shows that the
measured transmission coefficients of the proposed six-port
circuit has some ripples in measurement results compared to
the simulated ones, which may be caused by the SMA feed
connector. It can be noted that the return loss is better than 15
dB over the entire operating frequency band of interest.

The proposed six-port prototype has the advantages of
small volume and low cost compared to published design [8].

B. Reflectometer System with Proposed Six-Port

The system generates a signal p(n) in the digital domain
representing the complex ratio between the two input signals of
six-port junction above.

Four diode power detectors (D3, D4, D5, and D6) enable the
use of ac detection. The power detectors connected at output
ports 3, 4, 5 and 6 respectively comprise silicon Schottky
diodes (Hughes 47436H- 11) and RC low-pass filter.

Fig. 3 shows the measurement of the output power levels
from six-port junction; also convert the AC voltage with high
frequency to DC voltage with low frequency which is then
passed to the calibration routine. The voltage values measured
at the power detectors outputs are given by the following
equation [9]:

Vi(t) = a;. Vi + b;. VRR (1) + ¢ Vre(D).cos(B8(t) — ;) (1)
Where:
1=3,...6

- 0 =@ —VYi

- ¢;: Depends on a;, b; and Vi gwhich is supposed to be
Constant.

The use of four Schottky diode detectors presents a cost-
effective solution and offers a good alternative for applications
where speed is important, they present linear characteristics at
low power levels and high power levels respectively [10].

Four analog-to-digital converters (A /D) and a digital signal
processor (DSP) connected to pc analyser.

Input signal v,((t) and v, (t) with various phases as
below:

vo(t) = Vigcos(wt) (2)
vee(t) = Re[Vgp(t)el(WH+0O)] 3)
id
—
>
Vef3(6) g D3 é
pespo< O3 R3 % av) ﬂ V3ir)
Scope
Fig. 3. Power Detector at Port 3 (i=3).
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Let us consider the cases where the incident and reflected
signals a and b respectively has different frequencies, as in the
following:

a=|al. ej(21'lf1t+ ;) ()

b = |b]. ej(ZHf2t+ $,) (5)

As illustrated in Fig. 4, the block diagram of six-port
reflectometer with power detector, the manufacturer part labels
provided in the figure correspond to those components used to
implement the method in this work. The out coming RF signals
at the reflectometer ports 3, 4, 5 and 6 have the form:

Vi (0) = /3. V. cos(wt + @) + \/E Vg (1). cos(wt +
8(t) +6,) (6)
Where:
-1=3,..,6,
- ; is the phase of v, (t) at port i with respect to port 1,
-; is the phase of v,.+(t) at port i relative to port 2,
- a;, b; depend on the circuit characteristics.

The term Vgr(t)cos(8(t) — @;) is a projection of v,.((t).
After a trigonometric calculation, (6) becomes:

U;(t) = bVZe(t) + cicos@;U(t) + c;sin@; V() )
Ui(®) = vi(®) — a;Vfp; i=3,..6 (8)
U(t) = Vgre(t)cosb(t) ©)
V() = Vip (). sin®(t) (10)

Calibration method of the six-port system is based in
previous calculation; this calibrating program consists in
finding a signal p(n) in the complex domain.

Vri(t)

VLO(t)

|22

I |

Fig. 4. Block Diagram of Six-Port Reflectometer with Power Detector.
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I11. CALIBRATING TECHNIQUE PROPOSED

Six-port calibration techniques have been widely reported
in the literature [11], [12]. All of the methodologies that begin
with the relation between the power measurements and the
reflection coefficient are suited only for an intrinsically
narrow-band system.

To over this drawback, we study in this paper the six-port
reflectometer with power detectors, a measurement port and
four sidearm ports to which power detectors are connected. It
measures the reflection coefficient of a device under test
(DUT) in terms of magnitude and phase using four sidearm
power readings and eleven system parameters composed of
three real quantities and four complex quantities [13].

Thus, the key problem in the practical use of the six-port
reflectometer is how to determine the eleven frequency
dependent system parameters, with fewer calibration standards
and with less computational effort. For digital processing of out
coming six-port reflectometer, it is essential to find a
mathematical modeling of output quantities.

Below the model used to express the detected voltages V;
to V, depending on the module |I'| and phase ® of the
reflection coefficient S, of the DUT [14]:

Vi = ajp + ai1. IT|? + ajp. |T|. sin(®) + ajs. |T|. cos(@) +
aj4. [T)%.sin(20) + a;s. |T|2. cos(20) (11)

i=1...6

By using the real and imaginary parts of T', it is possible to
rephrase the previous model by:

Vi = biO + bil'I + bi2' Q + bi3' 12 + bi4—' Q2+bi5' I. Q +
ST (12)

Where:
I =Re(T),Q = Im(I")
b;;: Calibration constant.
n: Index number of minimum standards.

We present below three different levels retainer model:

Vi = bjp + by + biQ + biz (12 + Q%) (13)
=> First order fori =1, ..., 4
Vi = bjo + by + bjQ + bizI? + by, Q% + bisIQ (14)

=> Second order for i=1,..,4

V; = bjg + bj;.1+ b;,. Q + by3. 12 + byy. Q2 + bys. 1Q +
bie. (12 — 31Q?) + by;. (Q* — 31%Q) (15)

=>Thirdorderfor i =1, ...,4

The by terms representing calibration constants depending
only on the terms a; The advantage of using such a
development (13), (14) and (15) is to assign the same
variation ranges to two quantities of interest (I € [-1, 1] and Q€
[-1, 1]) that we are trying to determine. Indeed, given the form
of expressions, it appears that resolution requires the
implementation of a digital resolution in two dimensions.
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These equations are used to express the magnitudes of
interest (I and Q) as a function of the measured voltages on
each of the detectors (Vs,..,Vg) [15]. | and Q are related by the
reflectometer calibration constants.

This calibration consists in solving the equations of the
model by considering the known loads and measuring the
tensions of these standard loads. Inputs correspond to a matrix
of the measured voltages V), while the resulting matrix
contains the terms | and Q. The calibration constants are
grouped in two known matrices B,y and By.

Note that the parameters that depend on the order of the
model are: The number of standard loads required for
calibration {(4 loads: order 1); (6 loads: order 2); (8 loads:
order 3)}. The dimension of the calibration matrix {(3x%4, order
1); (5x4, order 2); (7x4, order 3)}. In order to optimize the
accuracy/ computation time, we reduce the number of used
standard and minimize the number of test, we will adopt the
second model. i denotes the ith outputs.

\/i :biO +bi1'I+bi2'Q+bi3'12 +bi4'Q2 +bISIQ (16)

For a load with reflection coefficient I', the four equations
form a linear system of five variables. The type (I, Q, 1%, Q%,1Q)
with:

Vi

_|Va
VM - V3 (18)

Vs

(19)

(20)

b,y
b3y
byq

Vi, Matrix of the detected voltages;

By (21)

I, Matrix containing the appropriate quantities | and Q;

B,,: Matrix of the calibration coefficients of the 1 and Q
magnitudes;

B,: Matrix of the DC components of the voltages V;,
i=1,..,4.

Knowledge of By matrices, By is associated with the
measurement of the four voltages V, to V, allows then the
determination of I and Q by reversing the previous matrix

system:

Vol. 10, No. 5, 2019

v = By' (Vu — Bo) (22)

The solution of the above matrix equation leads to the
calculation of By and By corresponds to the calibration of the
six-port junction.

A. Algorithm and Interface

The algorithm is based on the mathematical development of
explicit calibration above. The inputs in this program are
determined in the previous paragraph. We can summarize the
different steps in the calculation by the following chart:

Data: V, values,
Real (T) / Im(T) /Vwm

Compute of I'y

|

Inverse calculation Tan

|

Iteration i=1 to
V|

The selection Vy vector

|

Remove the DC component

|

The vector calculating calibration
matrix BM

|

Calibration Matrix By
Reconstruction

Use as

raflartmat

| Data: outout values V. |
[l i=i+1
Compute T' =By ™ (V- Bo)

I}

Use as

roflartmat

4 Yes
STOP
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The S parameters of six-port calibrated can be regarded as

being the same at the frequency difference f,-f, if this L35 —v4
difference is very small. Let us consider the cases where the T . . —V1
incidents wave "a” and the reflected wave "b” are different in Lo
frequency as in the equations (3) and (4) above. The equivalent T ﬂ ||"l| Aﬂ /\l ﬂ ﬂ
reflection coefficient becomes: = 0.3 V \{ V \I[ "( U \[ U ]J b
ﬁ -
b =
= 2 ail2n(fa—f1)-(@2-01)] e
I=- iz =027 (23) gI}.I}
The reflection coefficient 7~ becomes a time-dependent % 05
vector whose amplitude is invariant and the phase is around at = J LY U Il._.lI \J U UU f U U U
a constant angular speed 2wAf, where Af = f, — f; 10
. i y
The voltage at a detector port of the six-port is a vector .
summation of portions of a and b presented at the port, the -13 T T . . :
output voltage waveforms of the power detectors are: 0.0 1 0n 2 0n 3 0n Aln
1 Time
Voues = 2 (lail” + Ib2) + layl. b cos(2mafe + Ag)  (24) e (09
Where a; and b; are waves corresponding to a and b at port 15 =
i,i=3,..,6 T _';.'.-'
The four output voltage waveforms (vy, V,, vz and vy) of a 1.0 f r
six-port reflectometer are shown in Fig. 5: 05 7 H ﬁ ﬂ f F
ol ]
We note that a period of the waveform corresponds to a § i /‘||I H ’ J] I r I
whole circle of T" rotating in the complex plane. We select the =00
samples at an equal amplitude space in the whole voltage § 1 U \ J ” J J I
swing in this channel; these samples will present a group of g 05
equally spaced terminations on a circle in the T" plane. = J 'i:? H M U U U
To ensure the communication of the user with the program, -1.0 o '
we have made use of a graphical interface. 7
1.3 T T T T . )
The final circuit of six-port reflectometer is designed and 0.0 I0n 20n 30n 40n 50n
simulated at Fig. 6 to validate results introduced in Fig. 5. The Time (ns)
Graphical interface based at the above program, offers us the
possibility to calculate the reflection coefficient of a device ()
under test. The DUT is connected to the input of six-port Fig. 5. (a): V1, V4 and (b): V2, V3 Output Wave forms of a Six-Port
reflectometer. Reflectometer, Simulation Results.
Power detector Vdd {.. "I .
using Schottky dicd }E‘E‘I - &y
805 | 1
L’ 4733&1 R12[L [llaid:;st R11
e ?—9 . To T10T10T10
R3 [ cs L Irs 0 K0 K0 K0
100.] lpF‘I‘ I?lOQ .,_.} 1
T P $ 3 4 : ..
R4 ] = l‘\ R4 L3G24 . o
100 H“Hl !PT Y0 A : ¥
[ " . o
c7 s 8 B
: r Py 22F # - £ Max CN2: Input
CN1: Output of R5() D: " Cs ot 0 R3 1 ] = 2% lj PC Analyser
six-port junction 100 ¥ ""ﬂ'{l eFTT Y10Q . 22F IC1
R6 (T D$ C6 = ("] R6
100 144@»{191“ 11002
Fig. 6. Graphical Interface of Six-Port Recflectometer.
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B. Validation by Measuring Test Loads

To validate calibration technique performance of
miniaturized six-port junction, circuit is realized with screen
printing technique; this process is used due to its ability to print
a flexible substrate. AC voltage is the output of six-port
junction and the input of four power detectors circuit to convert
it to dc voltage; we need to connect at the output of power
detectors LM324N to increase the output voltage.

LM324N is a 14pin IC consisting of four independent
operational amplifiers compensated in a single package. Signal
at output of op-amps implement microcontroller mikroC PRO
for PIC to validate calibration technique.

The final hybrid prototype and photograph experimental
setup system shown in Fig. 7.

Results of reflection coefficients performed is comparing
with the program above those found by experiment prototype.
The load under test is composed of lumped elements in series
(Inductance, Resistance and Capacity), by varying the
amplitude of either the input signal, samples of T's well
distributed over the whole Smith chart can be obtained.

In order to test the validity of the six-port calibration, a
calculation of relative and average errors are shown, results are
presented in Table I1.

Table above lists the calculation errors obtained for
different samples. It can be seen that the relative error for the
real parts of the reflection coefficients is about 6% except for
very low reflection loads. In another hand it is noticed that the
relative error for the imaginary parts of the reflection
coefficients is about 4.8%.

In most case, the difference of errors between the real and
imaginary parts is in order of 0.01. Note that the readings are
taken from a real time continuous display of reflection

Vol. 10, No. 5, 2019

coefficients. Analysis results are confirmed schematically by
the calibration technique studied in Smith chart below.

Fig. 8 shows a maximum of agreement between
experimental results, simulation and algorithm taking samples
of plane calibration in terms of reflection coefficient. It’s very
clear for large impedances and inductive loads (positive-
imaginary part). Note that the error increases inversely with the
impedance, this is due to the relative error of the load
impedance.

This error is higher for the low impedances than for high
impedance of the load. But errors have several origins,
particularly for millimeter frequencies, the achievement of a
reflectometer generates imperfections that away from the
perfect model.

As well as the adaptation errors, isolation and directivity of
the source and the load. It will be impossible to get such
perfect 50Q terminated transmission lines or lossless, in
addition to the accuracy of the model of the output voltages.

Fig. 7. Displaying Meter Results with Graphical Interface.

TABLE I1. IMPEDANCE AND REFLECTION COEFFICIENT LOADS
R(S11) 1(S11) R(OHM) Z(HOUF) |R Q DELTA (R) | DELTA(Q) DR2 DQ?
0 0 CA CA 0 0 0 0 0 0
1 0 co co 0,93 0,04 0,07 -0,04 0,0049 0,0016
-1 0 cc cc -1 0,07 -0,05 -0,07 0,0025 0,0049
05 0,5 50 8E-09 0,55 0,52 -0,05 -0,02 0,0025 0,0004
04 0,7 20,588 6,6E-09 0,48 0,72 -0,08 -0,02 0,0064 0,0004
0,3 0,3 70,68 4,1E-09 0,35 0,31 -0,05 -0,01 0,0025 0,0001
0 1 0 4E-09 -0 0,98 0,022 0,02 0,0005 0,0004
-0,471 0,883 0 2,4E-09 -0,3 0,98 -0,131 -0,097 0,0172 0,00941
Addition 6,841 10,339 0,1974 0,24743
Relative error 0,065 0,04811 Relative error 0,065
Average error 0,0202 0,02261 Average error 0,0202
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Fig. 8. Smith Chart of the Reflection Coefficients with Algorithm,
Simulation and Experiment Prototype.

IV. CONCLUSION

A novel explicit calibration for six-port reflectometer
incorporating new four-port correlators has been proposed and
shown. A linearization procedure and an AC detection
technique are used to improve the measurement accuracy. This
solution makes a good compromise between the number of
calibration standards, the computational cost and the accuracy.

Regarding  calibration  considerations, a  further
improvement in the technique will be used to achieve
measurements in the 1-10 GHz frequency range. Therefore the
proposed technique program is suitable for wireless
communication system and can successfully replace the
classical calibration methods.
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