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Analysis and Design of a Differential Sampled-
Line Six-Port Reflectometer

Sakol Julrat, Mitchai Chongcheawchamnan Senior Member, IEEE, Thanate Khaoraphapong, and
Ian D. Robertson Fellow, IEEE

Abstract—The analysis and design of a differential six-port
reflectometer (SPR) based on a sampled-line structure is
presented in this paper. The practical differential SPR isrealized
in Coplanar Strip (CPS) transmission line form, using two baluns
for interfacing with the RF source and device under test (DUT)
and four baluns connected to the RF logarithmic detectors. The
performance of the proposed differential SPR structure is
evaluated with a common-mode rejection ratio analysis and
impedance measurement. A prototype differential SPR was
designed and fabricated at 1 GHz in order to verify the analysis.
M easurement results for various load impedances are compared
with the measur ed results obtained from a commer cial automatic
vector network analyzer. It is shown that the differential
structure gives a significant advantage in rejecting common-
mode interference signals.

Index  Terms—Reflectometry, microwave measurements,
impedance measurement, transmission line measurements

[. INTRODUCTION

The six-port reflectometer (SPR) is well known in the field
of microwave measurements and sensing. The technique
determines the complex reflection coefficient of a device
under test (DUT) from four signal amplitude measurements.
Since phase does not need to be measured directly, RF
detectors can be used and a low cost measurement [1]-[3]
system can be realized. There are several low-cost
applications that can use SPR, such as dielectric permittivity
measurement [4]-[5], moisture content determination [6]-[8],
breast cancer detection [9], imaging sensors [10] and radar
systems [11]-[13], to name but a few.

Previously, most SPRs have been implemented as single-
ended designs which are fundamentally sensitive to
electromagnetic interference, ground bouncing, substrate
noise, etc. This will be manifested as common-mode noise in
a differential system. It is well known that the common-mode
rejection can be considerably improved by using a differential
measurement technique [14]. From a circuit implementation
viewpoint, a differential circuit outperforms the single-ended
circuit in terms of a capability to reduce common-mode noise
and offers higher dynamic range [15]. Thus, to effectively
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reduce these unwanted signals and enhance dynamic range in
an SPR system, a differential technique should be applied to
the design. The key to achieve this is to use a differential
structure and develop a reflection coefficient determination
algorithm based on the differential-mode network.

In this paper, mixed-mode S-parameter analysis is used to
study the concept of the differential SPR structure and
establish a method to determine the reflection coefficient. The
SPR performance is considered in terms of common-mode
rejection ratio (CMRR). The structure proposed in [16] is used
to demonstrate the feasibility of the concept since it can
readily be applied to a differential SPR structure with
sufficient accuracy for many applications. In Section II, the
differential SPR structure is analyzed with mixed-mode S-
parameters and the methods for determining reflection
coefficient and calibration are presented. An analysis of
common-mode rejection ratio for the differential SPR
structure is presented and discussed in Section III. The design
and simulation results of the differential SPR structure are
given in Section I'V. The differential SPR structure is designed
and fabricated to operate at 1 GHz on FR4 substrate.
Experimental results of this prototype are used to validate the
concept in Section V. Finally, the paper will be concluded in
Section VI.

II. DIFFERENTIAL SPR CONCEPT

The proposed SPR system based on a differential structure
is illustrated in Fig. 1. The differential SPR structure is
composed of a six-port network operating in differential
mode; ports 1 and 2 of the differential six-port network are
connected to baluns that connect to the RF source and DUT,
respectively. Four more baluns are employed, one for each
signal power measurement port, numbers 3 to 6. The outputs
from these four baluns are connected to RF detectors and the
DC outputs are used to determine the reflection coefficient.

Balun Balun

ay 1] | | _180 bz
@_: — 7] Differential Six-Port Network :}_ —=
by i i

180 0 [25]

I T 180 0 1180

O O O Ok

Fig. 1 Proposed differential six-port network structure
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Fig. 2 Conceptual schematic of the differential SPR

A. Mixed-mode S-parameter analysis

To analyze the proposed differential SPR shown in Fig. 1,
mixed-mode S-parameters are adopted to describe the
differential and common-mode signals. Fig. 2 illustrates the
schematic diagram defining the various wave parameters for
the differential SPR. From Fig. 2, a, and b, represent the
reflected and incident waves, respectively, at single-ended
port n [17]. a4, and by, are the differential-mode incident
and reflected waves at differential port n. a,, and b, are the
common-mode incident and reflected waves at common-mode
port n [14]. The conversion between single-ended and
differential wave variable can be found in [18]. Py, and P,
are differential and common mode power wave at differential
port n, respectively.

To obtain the power wave equation of the proposed
differential SPR structure in Fig. 2, the wave variable
equations can be defined as follows,

by = 81104 + S13a, (1a),
b, = 53104 + S50, (1b),
barx = Sak1a1 + Sar2a2 (Tc),
bek = Sck101 + Sck2a2 (1d),

where k = 3,4,5 and 6 denotes the detector port number. S,
Si2, S»1, and S,, are single-ended S-parameters of the
differential SPR. Sy;4 and Sy, are mixed-mode S-parameters
representing the transmission coefficients from the single-
ended port 1 and 2 to the differential port k, respectively. S¢pq
and Sg, are mixed-mode S-parameters representing the
transmission coefficients from the single-ended signal port 1
and 2 to the common-mode port k, respectively.

Rewriting (1b) in terms of a; and applying this to (1c¢) and
(1d), we obtain,

bar = (Sdkz - %) a, + (i‘i—k;) b, (2a),

bey = (Sckz - %) a, + (S;kl) b,

21

(2b).

Since the reflection coefficient of the DUT (I') is equal to
a,/b,, (2a) and (2b) can be rewritten in the power wave
equation form as follows,

|bar|? = |Agl” + Bay|?|b,|?
Ibckl2 = |Ackr +Bck|2|b2|2

(3a),
(3b),

where |bgi|? and |bg|? are differential and common-mode
power waves at port k, respectively. Ay, and By, are the

characteristic parameters of the differential six-port network.
The differential signal is obtained through a balun while a
residual common-mode signal appears from the same balun.
To determine I, either (3a) or (3b) is theoretically sufficient.
For a perfect balun, the common-mode signal is eliminated
and thus only (3a) will be applied to the computation. In
practice, since imbalance in the balun is unavoidable, the
common-mode noise cannot be completely eliminated. This
common-mode signal adds to the power reading which in turn
effects to the performance.

B. Calibration method

In order to measure I’ by using the proposed differential
SPR structure, a calibration procedure is needed to determine
the characteristic parameters of the differential SPR. The
systematic errors caused by the non-ideal characteristics of the
SPR hardware can also be removed in the calibration process.
To calibrate the differential SPR, the power equation shown in
(3a) is applied. By substituting £=3, 4, 5 and 6 in (3a) and
perform mathematical manipulation, we obtain a calibration
equation system presented in matrix form as follows:-

Pa3 Ciy Cp Gz Cuy 1

Pas| _ b, |2 Co Cyp Cos Coulf| ITV? )
Pys 20 [C31 C3p Gz Cauf|Refl}

Pas Car Cap Caz CapdlIm{l}

where C is the characteristic matrix for the differential SPR.
Py = |bgr|? is the differential-mode power that is obtained
through the balun at port k, where £=3, 4, 5, 6. In this case, €
can be determined with several calibration schemes; for
example five standard loads can be used for calibration [19].
Consequently, the real and imaginary parts of /" can be solved
from (4) by performing matrix inversion, resulting in the
following equations:-

4
Yi=1%3j* Paz+j

Re{l'} == 5a),

e{ } Z;'l'=1x1j'Pd2+j ( )
) X4j* Paz+j

Im{r} =22~ (5b),

4
Zj:lxlj'Pd2+j

where x;; denotes the element at row i and column j of €.
P45, denotes the differential-mode power obtained through
the balun; for j = 1-4, this leads to Py3, Pys, Pys and Py,
respectively. The solution for I' in (5) is found in a similar
manner to the technique proposed by Hoer [19] and several
calibration algorithms [20]-[22] can also be applied for the
differential SPR.

III. ANALYSIS OF COMMON-MODE REJECTION RATIO (CMRR)

In the differential SPR structure shown in Fig. 1, the
differential-mode operation is obtained with differential
transmission lines and baluns. In practice, common-mode
noise and unbalanced effects can occur due to non-ideal
behavior relating to the power source, grounding system,
differential transmission lines and baluns used in the design.
This will degrade the differential SPR performance. To
quantify the performance of the proposed differential SPR,



common-mode rejection ratio (CMRR) analysis is applied.
Normally, CMRR is defined by the differential-mode
transmission versus the common-mode signal transmission
from the input port (port A) to output port (port B) as follows
[14]:-

CMRR = 20log,, [22424] (6),

SccBA

where CMRR is in decibels (dB). Sy454 and S..p4 denote the
differential transmission coefficients and common mode
transmission coefficients from input port A to output port B,
respectively. Similarly, the CMRRs of the 2-port differential
transmission line that is used in the proposed differential SPR
can be defined as follows,

N
CMRR,, = 20logy, |S”L;1

(7a),

CMRR,, = 20logy, |§‘% (7b),

where CMRR,; and CMRR,, refer to the CMRR from
differential port 1 to 2 and port 2 to 1, respectively. Sz421 and
Sqa12 are differential-mode transmission parameters from port
1 to 2 and from port 2 to 1, respectively. S..,; and S..;, are
common-mode transmission parameters from port 1 to 2 and
from port 2 to 1, respectively.

For the 3-port balun circuit that is used in the proposed
differential SPR, the CMRR is defined in a different way
since the common-mode port is unavailable at the single-
ended port of the balun. This can be defined as follows [14];-

CMRRys = 20log, |2 (8a),
CMRRgq = 20 logyo [22 (8b),

where CMRR;; and CMRR,, refer to the single-ended to
differential ports and from differential to single-ended ports,
respectively. S;s and S, denote the transmission coefficients
from single-ended port to differential and to common modes,
respectively. S;q and S, are the transmission coefficients
from differential and common-mode to single-ended modes,
respectively.

By applying the CMRR definitions of differential line and
balun circuit to the proposed differential SPR shown in Fig. 1,
we define its CMRR as the ratio between the differential and
common-mode signal transmissions at power reading port k (k
being 3, 4, 5 or 6) referred to the single-ended RF input port 1
as follows,

CMRRy; = 20l0g; , [{4152 )

Sck1a1

Eliminating a,, by using (3b) and rewriting in term of I', we
obtain,

(Sak2S21-Sar1S22)T+S
CMRR,, = 2010g10I dk2521—Sdk1522 dk1
(Sck2S21—Sck1S22)T+Sck1

(10)

From (10), it is shown that the CMRR of the proposed
differential SPR is a function of the load, with reflection

coefficient I', at port 2. This means that to evaluate the CMRR
of the differential SPR, various DUT measurements are
required - in particular, five standard loads I of 0, -1, 1,47 and
-j. However, S.;; and Sgi, in (10) will not be obtained by
direct measurement since the common-mode signal is
unavailable at single-ended port of the 3-port balun. In this
paper, Sgxi, and S.; where i is either 1 or 2, can be obtained
by the steps given below:-

Step 1: Measure the 3-port single-ended S-parameters of the
balun connected at power reading port k. Convert the single-
ended S-parameters of the balun to mixed-mode S-parameters.

Step 2: Measure the 3-port single-ended S-parameter of the
differential SPR structure. These three single-ended ports are
port i, k" and k. Noted that port k" and k" are differential ports
of differential line at power reading port & that is connected to
the balun, and can be measured by removing the balun at
power reading port .

Step 3: Convert the 3-port single-ended S-parameters
obtained from Step 2 to mixed-mode S-parameters.

Step 4: Connect the mixed-mode S-parameters obtained
from Step 1 and Step 3 in the flow graph shown in Fig.3.

The above measurement procedure is based on a two-port
network analyzer measurement. During the measurement
procedure, only two ports are measured and the other ports are
terminated by its characteristics impedance. This is similar to
the 3-port balun S-parameter extraction [23].

In Fig. 3, the mixed-mode S-parameters obtained from Step
3 are indicated with the bar symbol. The symbol i can be
either 1 or 2, for port 1 or port 2 of the differential SPR and
k={3, 4, 5, 6} for the power reading ports. The dark, gray and
dotted lines represent the differential-mode, common-mode
and conversion-mode paths, respectively. From Fig. 3, we
apply Mason’s rule [24] to solve for Sy; and S,;, giving the
expressions (11a) and (11b).

Mixed-mode S-parameter from Step3
(i=1 or 2, Single-ended port number)
(k=3-6, Power reading port number)
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Fig. 3 Signal flow graph for calculating Sg; and S
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(11a)
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TABLE I. DIMENSIONS OF SYMMETRICAL CPS ON FR4 SUBSTRATE
(substrate height=1.6 mm, copper thickness=0.05mm, &,=4.55, tan § =0.02)

ifnlll)aerg:;izs(tlgc) Width (mm) Separation (mm)
50 3 0.14
100 2.54 0.48
200 2.54 4.30

IV. DIFFERENTIAL SAMPLED-LINE SPR

To demonstrate the differential SPR concept, a sampled-
line SPR (SL-SPR) based on a purely differential transmission
line without reference ground plane is considered, as
illustrated in Fig. 4. This SL-SPR is proposed as a simple
development of the single-ended structure [12]. The
differential SPR uses a differential transmission line realized
in the coplanar strip (CPS) medium [25]. The two ends of the
CPS line are connected to the baluns at port 1 and port 2,
respectively. The RF signals are sampled from ports 3 to 6
using coupling resistors, as previously reported for the single-
ended, microstrip-based, SL-SPR [26]. The sampled RF
power is subsequently converted to DC voltages by RF
detector.

To validate the system operation, the CPS sampled-line six-
port network is designed and simulated with Agilent ADS™
and Ansoft HFSS™ software, as described in subsection
IV(A). The CMRR of the CPS sampled-line six-port network
is then calculated based on the simulated results.

A.  Symmetrical CPS design

The dimensions of the symmetrical CPS line were
calculated for a FR-4 substrate using a recognized synthesis
tool [27] and the parameters for 50, 100 and 200 Q lines are
given in Table I (The lower impedance of CPS line allows low
insertion loss of differential and common-modes). Impedances
of 50 and 100 Q are difficult to implement practically, so the
characteristic impedance of 200 Q was used, with 2.54 mm
width and 4.30 mm gap. Commercially-available 1:4 balun
transformers could be employed to the CPS design and allow
measurement with a standard 50 Q network analyzer. A
quarter-wavelength of the selected CPS design is 45 mm long
at 1 GHz. The performance of a CPS line with 70 mm length
was verified by simulating with Ansoft HFSS™. The
differential and common-modes of the CPS line were
extracted by terminating all four ports of the symmetrical CPS
line with characteristic impedance 100 Q to ground and
measuring single-ended S-parameters. The resulting four-port
single-ended S-parameters of the CPS line were converted to
mixed-mode S-parameters, which are plotted in Fig. 5.

Fig. 5(a) shows the differential and common-mode
transmission responses of the symmetrical CPS line. In Fig.
5(a)-5(b), it is clear that the designed CPS line can support
differential-mode signals better than the common mode. Low
cross-mode conversion is obtained as shown in Fig. 5(c). The

1-(SaarkSaa+ScarkSactSccrkScctSackkSca) +SaakkScckk (SaaScc—SacSca) +SackkScark (SacSca—SadSce)

(11b)

computed CMRR of the CPS line is shown in Fig. 5(d). More
than 3 dB CMRR at 1 GHz is obtained.

B. Differential sampled-lined six-port network

Next, the complete differential sampled-line six-port
network, as shown in Fig. 4, was modeled. The CPS line is 70
mm long and each differential port is separated with a 10 mm
gap. To couple the RF signal from the CPS line, a large
resistor coupling is required to minimize the insertion loss
performance of CPS line and keep the RF coupled signal
within the working range of commercial RF detectors. A 2 kQ
lumped resistor is applied for coupling RF signals from the
CPS line, with each single-ended power measurement port set
to 100 Q impedance. The 100 Q is single-ended characteristic
impedance of the 200 Q differential line CPS and the
differential port of balun. The differential sampled-line six-
port network was simulated with Ansoft HFSS™. Twelve
single-ended S-parameters are obtained. The mixed-mode S-
parameters were calculated [28] and are plotted in Fig. 6.

Fig. 6(a) shows the differential and common-mode
transmission coefficients from port 1 to 2. In Fig. 6(a), the
differential transmission coefficient is better than -4 dB, while
the differential reflection coefficient is less than -17 dB.
Around 1 GHz, the common-mode transmission and reflection
coefficients are less than -4 and -3 dB, respectively. The
minimum common-mode transmission coefficient is -14 dB at
1.26 GHz. This means that the differential SL six-port
network achieves low common-mode signal transmission
between port 1 and 2. Fig. 6(b) and 6(c) show the differential
and common-mode transmission coefficients from port 1(or 2)
to the power reading port (port 3 to 6), respectively. Eight
differential and eight common-mode transmission coefficients
are plotted. Low differential signal transmission is obtained
because a design with large coupling resistors is chosen. It
should be noted that the differential transmission coefficient
of the SL six-port network and its frequency characteristics
depend on the coupling resistors.

Pore2

N

Portl
; Portt

| Ports
| Portd |
Pore3

Fig. 4 Differential sampled-line six-port network for HFSS™ simulation
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C. Differential SL six-port network with ideal baluns

Here, the differential SPR shown in Fig. 1 is modeled by
combining the differential sampled-line six-port network
simulation as described in Section IV(C) with six ideal 1:2
baluns. The performances of the SPR in terms of CMRRs,
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Fig. 6 Simulated mixed-mode S-parameters of the differential sampled-line
six-port network: (a) Differential-mode and common-mode transmission
coefficients from port 1 to 2, (b) Differential-mode transmission coefficients
from port 1 and 2 to ports 3 to 6, and (c) Common-mode transmission
coefficients from port 1 and 2 to ports 3 to 6

differential and common-mode transmission can be calculated
from (10)-(11b). Figs. 7(a), (b) and 7(c) show the calculated
single-ended, differential and common-mode S-parameters
obtained from (12a) and (12b), respectively. In Fig. 7(a), the
calculated differential-mode S-parameters are similar to that
of the differential SL six-port network shown in Fig. 6(a). In
Fig. 7(c), the common-mode transmission coefficients at the
power sampling ports, either referred to portl or 2, are very
low. Such negligible common-mode transmissions are a result
of using ideal baluns, which have an excellent capability to
eliminate common-mode signals.

Figs. 7(e)-7(g) show the calculated CMRRs of ports 3 to 6
referred to port 1. The differential SL six-port network
designed with ideal baluns is terminated with five different
loads. The results are obtained by applying the S-parameters
shown in Fig. 7(a)-7(c) to eqns. (10)-(11b). As shown, the
CMRRs vary with the terminating load at port 2. The obtained
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CMRRs at all power sampling ports are better than 60 dB,
which is mainly due to the ideal balun performance. Clearly
the actual balun performance is very important for eliminating
common-mode noise in the proposed differential SPR — more
so than the CPS differential line performance. This is because
the CMRR of the balun is much greater than the CPS
differential line.

D. Performance for impedance measurement

In this section, the proposed differential SPR is simulated to
predict its behavior with several load impedances. The

simulation is performed for two different design cases — with
ideal and imperfect baluns. In practice, baluns will always
exhibit imbalance and we model this by inserting a phase
shifter and attenuator to artificially produce imbalance effects
as illustrated in Fig. 8. The phase shifter and attenuator are
varied from +20 degree and +2 dB, respectively, to producing
imbalance effects. For the ideal balun case, the phase shifter
and attenuator are set to zero.

Prior to impedance measurement, a calibration process is
performed at frequencies around 1 GHz. The 1 GHz simulated
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results of the SPR with amplitude imbalance and phase
imbalance of baluns are illustrated in Fig. 9(a) and (b),
respectively. The magnitudes of the error between the
calculated and the actual load impedances are computed to
quantify the impedance measurement performance of the
differential SPR. As shown, we obtain very accurate results.
We performed the impedance measurement at other
frequencies and still obtained accurate results. This suggests
that imbalance effect in the baluns can be removed by the
calibration process.

V. DESIGN AND MEASUREMENT

The differential SPR structure was designed and fabricated
on FR4 substrate for operation at 1 GHz. A symmetrical CPS
line with 2.54 mm width and 4.30 mm separation was selected
to achieve 200 Q differential characteristic impedance. Murata
50-t0-200 Q baluns [29] were selected (part no.
LDB21942M20C-001) as the differential port is matched to

:II LA 1
Fig. 10 Photograph of the fabricated differential SL-SPR

the 200 Q characteristic impedance of differential line CPS
and the single-ended port can be measured by a standard 50 Q
network analyzer. The RF differential signals are coupled
from the CPS line by using 2 kQ lumped SMT resistors (style
0603). The RF signal coupling obtained with 2 kQ coupling
resistors is about -17 dB, which suits the dynamic range of the
chosen power detector. LT®5534 logarithmic power detectors
[30] are used for determining the RF differential power from
the baluns. Its input impedance (50 Q) is matched to the
single-ended port of the balun, and it has wide dynamic range
(0 to -60 dBm) that can cover the range of power readings
from the differential CPS line. On-board 12-bit analog to
digital converters are connected to the detectors [31] to
convert the DC signals from the detectors to binary data. The
data is then transferred to a PC and the calculations performed
using a program developed in LabVIEW™.,

Fig. 10 shows a photograph of the fabricated differential
SPR. Port ‘P1’ is connected to the RF source, port ‘P2’ is
connected to the DUT and ports ‘P3’ to ‘P6’ are connected
through baluns to the power-sampling detectors. Validation of
the performance of the fabricated differential SPR is
investigated and discussed in the following subsections. The
performance of the baluns and the differential SL-SPR

(CMRR and impedance measurement accuracy) are
considered in detail.
A. Balun

As mentioned previously, the balun is the key component in
the design for reducing unwanted common-mode noise. Thus,
knowledge of the S-parameters of the balun is needed to
evaluate the performance of the proposed differential SPR.
Unfortunately, the  3-port  S-parameters of  the
LDB21942M20C-001 Murata balun were unavailable. So, the
S-parameters of the balun were obtained by measuring a set of
2-port single-ended S-parameters with the third port
connected to a matched load. This process is repeated to all
balun ports so that all the elements in the 3-port S-parameter
of the balun are obtained.

After the 3-port S-parameters were obtained, the mixed-
mode S-parameters of the balun were calculated. Fig. 11
shows the computed mixed-mode S-parameters, derived from
the measured single-ended  S-parameters of  the
LDB21942M20C-001 balun. Fig. 11(a) shows the reflection
and cross-mode transmission coefficients of the balun. It can
be seen that the differential reflection coefficient is well below
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Fig.11 Measured S-parameters of the balun (a) Reflection and cross-mode
transmission coefficients, (b) Transmission coefficient, and (¢) Common-
mode rejection ratio.

-25 dB, the cross-mode transmission coefficient between
differential and common-mode is less than -15 dB while the
common-mode reflection coefficient is better than -5 dB at 1
GHz, respectively. Fig. 11 (b) shows the transmission
coefficients and it can be seen at 1 GHz that the differential
transmission coefficient is better than -3 dB while the
common-mode transmission coefficient is well below -17 dB.
This confirms that the performance of the balun is sufficient
for both differential and common-mode ports at the operating
frequency. As shown in Fig. 11(c), the computed CMRR is
better than 20 dB at 1 GHz, meaning that the balun can be
used to reduce the common-mode noise effectively.

B.  CMRR of the differential SL-SPR

To evaluate the CMRR of the fabricated differential SL-
SPR, the measured single-ended S-parameters of the
differential SL six-port network and baluns are required. The
simulated S-parameters of the differential six-port network

obtained from Ansoft HFSS™ are compared with the
measured results. The S-parameters of the fabricated
differential SL-SPR were measured by using 2-port single-
ended measurements made with the other ports terminated
with matched loads. A comparison of these results is
illustrated in Fig. 12.

Fig. 12(a) shows the transmission and reflection
coefficients between port 1 and 2. It can be seen that the
transmission coefficient is better than -6 dB while the
reflection coefficient is less than -15 dB. Good agreement
between simulated and measured results is obtained. Figs.
12(b)-12(e) show the transmission coefficients from port 1 or
2 to the power sampling ports (ports 3 to 6). Values well
below -15 dB are achieved over the range 0.8-1.25 GHz.

Fig. 13 shows the calculated CMRRs at the power sampling
ports of the differential SL-SPR for five DUT reflection
coefficients. Comparing with the CMRRs of the balun itself,
shown in Fig. 11 (c), it can be confirmed that the CMRR
response of the differential SL-SPR is mainly governed by the
balun performance. Thus, a careful selection for the balun is a
key to achieving a high-performance differential SPR that has
good capability to suppress common-mode noise and
interference.
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Fig.14 Measured reflection coefficients of the differential SPR structure (),
compares to automatic network analyzer (0) at (a) 0.950 GHz, (b) 0.975 GHz
and (c) 1 GHz

C. Reflection coefficient measurement

The reflection coefficient measurement of the proposed
differential SPR structure is demonstrated and discussed in
this subsection at frequencies around 1 GHz. Prior to
reflection coefficient measurement, calibration must be
performed to eliminate the systematic noise and some
uncertainties in the measurement system from various
components such as the logarithmic detector and analog-to-
digital converter. To counteract these uncertainties, a
calibration scheme based on a statistical method that uses the
weighted squared error technique [22] was chosen. This was
achieved by applying (7a) and (7b). After calibration was
performed, measurements on ten different DUTs were carried
out. These measurements are compared to those obtained from
a commercial automatic vector network analyzer (HP8510C)
in Fig. 14. Figs. 14(a)-14(c) show the reflection coefficient
measurements made with the differential SPR at three
frequencies - 0.95 GHz, 0.975 GHz and 1 GHz. It is found
that the measured results of the proposed differential SPR are
close to the measured results from the 8510C network
analyzer. The mean absolute errors compared to the results
obtained from the network analyzer are 0.032, 0.029 and
0.033 at 0.95 GHz, 0.975 GHz and 1 GHz, respectively.

D. Interference rejection in the differential SPR

In this subsection, the performance of the differential SPR
in a hostile electromagnetic environment is investigated and
compared to the single-ended SPR. A 2.5 GHz rectangular
microstrip patch antenna on Duroid 5880 substrate (substrate
height=0.787 mm, copper thickness=0.017 mm, &,=2.20,
tan § =0.0009) is chosen to generate the electromagnetic wave
interference with the differential and single-ended SPRs, as
illustrated in Fig. 15. This antenna has patch size 12x16 mm
and a feed line 2x10 mm that is connected to the wide side at
distance 2 mm away from the edge of the patch). The patch
antenna is placed above the center of the differential and
single-ended SPRs at a distance of 150 mm. The input signal
to the patch antenna was varied from -20 to +5 dBm. This
emulates common-mode noise in the SPR systems. To
validate the common-mode rejection of the differential SPR,
the reflection coefficient of various electrical loads that cover
the Smith Chart area were measured by the differential and
single-ended SPR with and without the 2.5 GHz inference
present, respectively.
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Fig. 15 Experimental setup to investigate the effect of electromagnetic wave
interference on: (a) differential SPR and (b) single-ended SPR
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Fig.16 Effect of emulated interference on (a) differential SPR and (b) single-
ended SPR measurements.

Fig. 16 (a) and (b) show the magnitude error of reflection
coefficients at 1 GHz when using the differential and single-
ended SPRs, respectively, in the presence of interference.
From -20 to -10 dBm interference signal power, the reflection
coefficient error for the single-ended SPR is comparable to the
differential SPR. However, as the antenna feed power is
increased beyond -10dBm, it can be seen that the single-ended
SPR is no longer useable at all, whilst the differential SPR still
maintains its performance thanks to its common-mode
rejection. It should be noted for completeness that the



reflection coefficient error of different electrical loads is not
equal as the common-mode rejection ratio is a function of load
reflection coefficient.

VI. CONCLUSIONS

The analysis and design of a differential six-port
reflectometer has been presented. The system has been
demonstrated experimentally at 1 GHz and produced DUT
measurements that match the results from a commercial vector
network analyzer. The proposed differential SPR structure
aims to reduce the inherent common-mode noise in the
system. The differential SPR structure is composed of a
sampled-line differential six-port network with baluns. The
balanced ports of the baluns are connected to the differential
six-port network while the single-ended ports serve as the
interface with the signal source, DUT and RF detectors.
Determination of the DUT reflection coefficient with the
differential SPR structure has been analyzed by using mixed-
mode S-parameters as well as studying the common-mode
rejection ratio. The effect of imbalance of the balun can be
removed by the calibration procedure prior to the
measurement. From the CMRR results, it is shown that the
technique is capable of reducing the common-mode noise. It is
noted that the common-mode noise rejection ratio depends
mainly on the performance of balun rather than CPS
differential line, which is clearly one of the key components
determining the rejection of common-mode noise and
interference. The reflection coefficient measurements obtained
from the proposed differential SPR are in good agreement
with the commercial network analyzer. It is believed that the
proposed differential SPR structure will find various
applications for reflection coefficient measurement where
common-mode noise or interference is of concern.
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