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1. Introduction

The multiport circuit theory was initially developed in the
1970s by scientists for accurate automatized measurements
of the complex reflection coefficients, in microwave network
analysis [1–3]. These multiport pioneers highlighted its use-
fulness in microwave low-cost circuit characterizations (S-
parameters).

Since 1994, the multiport techniques were further devel-
oped for microwave and millimeter-wave radios [4–6]. Until
today, several multiport architectures for specific applica-
tions, such as communication transceivers [7–17], radar
sensing [18–23], direction of arrival estimation [24–26], or
phase noise measurements [27], have been developed and
implemented.

Basically, the multiport is a passive circuit composed of
several couplers interconnected by transmission lines and
phase shifters. Its specific architecture and design are strongly
related to the target application and the operating fre-
quency. The multiport acts as an interferometer; its output
signals are linear combinations of phase shifted input signals.
By using the appropriate circuit design and appropriate devi-
ces connected to the output ports, this circuit can pro-
vide specific parameters, such as reflection coefficient, dis-
tance or modal measurements, phase and frequency anal-
ysis, quadrature down-conversion, or direct modulation of
microwave/millimeter-wave frequencies.

As originally designed for automated measurements of
the complex reflection coefficient, the multiport has a local

oscillator input, a measurement port, and four outputs [3].
One of the outputs is used as a reference power level and
powers measured at the other ones are function of the
complex coefficient of the device under test connected to
the measurement port. There are three different reflection
coefficient values named 𝑞

𝑖
points, whichminimize the power

at the corresponding 𝑖 output.The ideal architecture requests
that 𝑞

𝑖
points are to be spaced by 120∘ and located equidistant

from the origin of the complex plane.
The new application fields require a different architecture

of the circuit and specificmodules to be connected at its ports.
The S-parameter matrix of the multiport circuit reveals that
there are two clusters of ports, 1 to 4 and 5 and 6. Inside each
cluster, all the ports are perfectly matched and isolated, one
versus the others [15]. In all applications they play separate
functions, such as four outputs and, respectively, two RF
inputs for down-conversion or four control inputs and RF
output/input for direct modulators. If the S matrix is further
analyzed, then it is straightforward that if four matched loads
are connected to the first group of ports (1 to 4) and two
RF signals are applied to other pair of ports (5 and 6), all
output signals at first group of ports are function of both input
signals of the second group.This is a fundamental difference,
if compared to the multiport used in reflection coefficient
measurements, where one of the outputs is used as a power
reference [3]. The multiport has now four 𝑞

𝑖
points spaced by

90∘ multiples and located equidistant from the origin of the
complex plane. The phase difference between the pair of odd
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𝑞
𝑖
points is 180∘. The same result is obtained for the pair of

even points [17].
The use of multiport technology in RF design is a good

choice, especially if the operating frequency is in the high
microwave or millimeter-wave range. The dimensions of the
multiport circuit fabricated in miniature hybrid microwave
integrated circuit (MHMIC) technology, usually around
1.5𝜆
𝑔
× 1.5𝜆

𝑔
, where 𝜆

𝑔
represents the guided wavelength,

become small enough to be integrated on the same substrate
with antennas [20]. Even if the multiport is further minia-
turized, the antenna or array antenna size will determinate
the final dimensions of a front end. The multiport circuit
can be also used in the front-end design to operate at the
frequencies where active components are not yet available in
themarket. In order to operate as demodulator or modulator,
it requires only the use of power detectors or switches
[28–32]. Therefore, research activities can be validated by
front-end prototyping measurements, years before standard
technologies become available.

This special issue highlights, through several examples
and multiple references, some of the modern applications
of the multiport technology and significant advances in
fabrication procedures, in the recent years.

2. Special Issue Papers

This special issue dedicated to multiport technology hosts
several papers covering last advances in six-port receivers,
demodulators, radar sensing, and ultrawide band (UWB)
phase noise measurements.

An interesting question in multiport technology is how
many ports should be used to fulfill a given system speci-
fication. In their paper entitled “Performance of 2–3.6 GHz
five-port/three-phase demodulators with baseband analog 𝐼/𝑄
regeneration circuit in direct-conversion receivers,” K. Abdou
et al. compare the performance of a five-port (FPD), a
three-phase (TPD), and a quadrature demodulator. First,
the authors describe the basic principles of FPD and TPD.
Unlike the FPD, that uses detectors for the down-conversion,
the TPD multiplies the radio frequency (RF) and the local
oscillator signal with the help of mixers. A baseband circuit
for the analog 𝐼/𝑄 regeneration is designed to reduce the
number of analog-to-digital converters from three to two
and allows suppression of DC offset and second order
intermodulation distortion (IMD2).

Finally, the implementation of all architectures is demon-
strated; furthermore, detailed measurement results are pre-
sented. These results indicate that TPD outperforms FPD
in terms of residual DC offset, IMD2, noise figure, and
sensitivity as well as error vector magnitude. Moreover, TPD
has advantages over quadrature demodulators in the case of
RF carrier aggregation. Thus, the authors conclude that the
presented TPD architecture is a potential candidate for future
long term evolution (LTE-A) standard.

The use of the 60-GHz band has attracted a great deal
of interest over the last few decade, especially for its use in
future compact transceivers dedicated to high-speed wireless
applications in indoor environments (57–64GHz).

In this context, C.Hannachi et al., the authors of the paper
“Complete characterization of novel MHMICs for V-band
communication systems” show the characterization results of
several new passive millimeter-wave circuits integrated on
very thin ceramic substrate (125microns, relative permittivity
equal to 9.9). These components are designed for a complete
integrated V-band six-port receiver front end, hosting an
antenna array, low-noise amplifier, and quadrature demod-
ulator.

The work is focused on the design and characterization
of a novel rounded Wilkinson power divider, a 90∘ hybrid
coupler, a rat-race coupler, and a novel six-port circuit. The
authors describe in detail the equipment, the calibration
technique, and the multiple challenges in millimeter-wave
measurements. A series of microphotographs show a typical
fabricated ceramic die and details of all circuits, as prepared
for probe station testing.

Measurement results prove that the proposed circuits
are UWB components. The supplementary insertion losses,
amplitude, and phase unbalancements are considered more
than acceptable to build modulators/demodulators for mod-
ulation schemes having up to 16 symbols (BPSK to 16 QAM,
PSK, or dual star). Keeping in account the 7GHz bandwidth
allowed for V-band communication systems, the data rates
can reach quasioptical values.

Apart from its ease of use, simplicity of implementation,
and low power requirements, which are due to the passive
circuit implementation nature of six-port based receiver,
other benefits drove interests in using six-port technology
in receivers’ design for applications using lower frequencies
thanmillimetre wave. Indeed, the wide frequency bandwidth
coverage, configurability, and low cost are some of the
additional features that make this architecture very attractive
for the implementation of the software defined radio (SDR)
concept in the wireless communication frequency bands.
The utilization of six-port concept as a RF front end in
communication receivers was investigated by A. Hasan and
M. Helaoui; in their paper “Performance driven six-port
receiver and its advantages over low-IF receiver architec-
ture” the authors provide a comprehensive analysis of the
performance of six-port-based receiver in terms of signal
quality, dynamic range, noise figure, isolation, bandwidth,
and cost. They compare these metrics to a conventional
low-IF architecture performance. On one side, the wide RF
frequency bandwidth available in six-port circuitry is a major
advantage that allows for use in ultrawideband andmultiband
configuration, reconfigurability, and, therefore, suitability for
SDR applications. On the other side, signal quality measured
in terms of receiver noise figure, sensitivity, and dynamic
range is the main limitation in such topology. The main
component limiting the signal quality is the dynamic range
of power detectors. By driving the power detectors beyond
their square law region, the dynamic range can be extended at
a cost of linearity degradation. The use of postcompensation
and calibration technique can compensate this degradation,
which results in configurable receivers with good linearity
and dynamic range performance. A. Hasan and M. Helaoui
showed that by using such postcompensation techniques,
error vectormagnitudes (EVMs) less than 1% can be obtained
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for complex modulated signals suggesting that such topology
can be a very good candidate for an SDR receiver front end.

Besides the broad range of applications already intro-
duced in this paper, another very promising topic is ranging
and direction finding. In particular for industry grade dis-
tance measurements, the six-port operated as a microwave
interferometer shows extraordinary performance, compared
to common radar architectures.

In the paper entitled “A compact, versatile six-port radar
module for industrial and medical applications,” S. Linz et al.
demonstrate that the six-port receiver used as continuous
wave radar is suitable for a variety of application scenar-
ios ranging from distance and vibration measurements in
industrial environments to heartbeat detection for medical
applications.

The authors present a compact 24GHz six-port radar
sensor with reliable high-integration of all subcomponents
in one single module. This sensor has been developed in
cooperation with industry. After a general system overview
and the theoretical description of the implemented six-port
network, a short introduction to the digital signal processing
strategy is given. Simulation results of the subcomponents are
furthermore validated by measurements. The demonstrated
results of the system’s performance show a maximum relative
error of ±400𝜇mand high precision in themicrometer range
(±40 𝜇m).

J. M. Ávila-Ruiz et al. propose in their paper new six-
port for low-power oscillator phase noise measurements.
This paper entitled “Six-port based architecture for phase
noise measurement in the UWB band” demonstrates, on
one side, the advances of the multiport technology that
continues to be used as a reliable, accurate, low-power core
of automated measurement setups. On the other side, it
reflects the advances in development of the analytical theory,
supporting and explaining the multiport technology and its
large field of applications.

The presented phase noise measurement system com-
bines two phase noise measurement approaches, that is, the
delay line discriminator method and the phase noise meas-
urement method based on the quadrature 𝐼/𝑄 six-port
demodulator. The proposed solution takes advantage of the
ability of the multiport demodulator to accurately handle
low-power input signals and to detect useful signal mag-
nitude and phase information. In addition, the delay line
discriminator eliminates the need for expensive reference
oscillator, as opposed to traditional phase noisemeasurement
systems.

After briefly introducing the state-of-the-art phase noise
measurements, the authors provide a detailed theoretical
analysis that demonstrates the complex processing of sig-
nals performed by the multiport system. It is shown that
the required phase noise information is embedded in the
quadrature 𝐼/𝑄 components of the down-converted signal.
To assess the intrinsic limitations of the system, internal
noise sources are analysed and solutions are proposed to
increase measurement sensitivity. Finally, phase noise mea-
surements performed with the prototype are compared to
those obtained with a commercial signal source analyzer.

The results presented by J. M. Ávila-Ruiz et al. reconfirm
the multiport technology in its original application proposed
in the 1970s as an accurate, flexiblemeasurement set-up based
on interferometric signal processing.

3. Conclusion

In the last 40 years, since the multiport (six-port) circuit
is used, dozens of architectures have been proposed. The
operating frequencies, fabrication technologies, and applica-
tions do not cease to evolve. Through several well-chosen
examples, the special issue highlights some of the multiport
technology modern applications.

These papers and related references demonstrate that
multiport technology is a good competitor of the conven-
tional approaches, especially in the microwave and milli-
meter-wave frequencies, where circuit dimensions, closely
related to the guided wavelength, are in the cm range or
smaller. Broadband circuits can be designed to cover a
wide frequency spectrum and to allow quasioptical data
rates for wireless communication. Impressive resolution and
high accuracy can be obtained in range or angle-of-arrival
measurements. Calibration and impairment mitigation tech-
niques can also be used to improve demodulation results,
especially in low microwave spectrum, where analog to
digital convertors (ADC) and digital signal processing (DSP)
techniques are available today.

Future work targets, among others, improvements in
multiport circuit design for each specific application, the
increasing of the operating frequencies, and, why not, the use
of multiport systems in THz frequency range.

Serioja Ovidiu Tatu
Adriana Serban

Alexander Koelpin
Mohamed Helaoui
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This paper provides an extensive analysis of the performance of a six-port based direct conversion receiver (SPR) in terms of signal
quality, dynamic range, noise figure, ports matching, isolation, bandwidth, and cost. Calibration technique using multimemory
polynomials has been adopted in order to improve the signal quality of the six-port receiver. The performances of the calibrated
receiver are then compared with the performances of a commercially available I-Q demodulator used as a low-IF receiver.Themain
advantages and disadvantages of the SPR compared to the low-IF receiver are highlighted.Themajor advantages of the SPR come in
terms of its available input frequency bandwidth and the low power requirement. The SPR system requires no external bias supply
but suffers in terms of the available conversion gain. A better port matching of the SPR can be guaranteed over a wide frequency
bandwidth, which mixer based receiver systems lack.Themain component limiting the performance of a SPR is the diode detector.
A faster and a better diode detector will alleviate some of the problems highlighted in this paper.The SPR system is calibratable and
its error-vector-magnitude performance can be made better than the I-Q demodulator used as a low-IF receiver.

1. Introduction

The Six-Port technique was first introduced in the 1970s for
accurate power measurement and reflectometer applications
[1, 2]. This technique for receiver applications, first intro-
duced as a digital direct conversion receiver in 1994 [3], has
caught considerable attention from the RF and microwave
research community. Six-Port based receiver (SPR) archi-
tecture has been identified as a promising architecture for
implementing the software defined radio (SDR) receiver
concept [4, 5]. It offers various advantages over conventional
receiver architectures as it avoids the use of costly and
active nonlinear mixer based circuits to achieve frequency
down-conversion. Wide frequency bandwidth coverage, low
power consumption, configurability, linearity, passive circuit
implementation, low cost, and higher integration are some
of the features that make this architecture very attractive for
implementation of the SDR concept. The six-port concept,
as a radio frequency (RF) front-end in communication
receivers, is usually implemented using power dividers and

quadrature hybrid circuits [6, 7]. Figure 1 shows the most
common implementation of the six-port technique as an
RF front-end in receiver architectures. This architecture uses
three quadrature hybrids (𝑄

1
–𝑄
3
) and one power divider

(𝐷) connected in such a fashion that appreciable amount of
signal powers from both the RF and the local oscillator (LO)
ports reaches the four power detectors with premeditated
attenuations and phase shifts. The concepts and reasoning
behind various configurations for implementing this six-port
junction circuit or wave-correlator is beyond the scope of the
present paper.

The receiver front-end shown in Figure 1 is designed
using passive microwave or discrete components. Though
these passive circuit elements can be designed to cover
a very wide frequency spectrum, their performances are
guaranteed best at the design (or center) frequency. Also, the
power detectors used in this architecture are usually imple-
mented using diodes, which have limited linear dynamic
range. Any deviation in the six-port wave-correlator circuit
(𝑄
1
–𝑄
3
and 𝐷) performance or the diode power detectors
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Figure 1: A typical architecture of receiver front-end using six-port
technique.

(𝐷
3
–𝐷
6
) behaviors results in degraded receiver performance

reflected in the error vector magnitude (EVM) between the
transmitted constellation points and the received constella-
tion points. In order to account for the circuit and system
imperfections, various calibration techniques [8, 9] have been
proposed for the SPR systems. The most common approach
for the SPR systems is the linear modeling and calibration
approach. In this linear modeling and calibration approach
for the SPR systems, the in-phase (𝐼) and the quadrature (𝑄)
components of the received RF signal (𝑎RF) are written as
linear combinations of the four detectors powers, the details
of which are being provided in Section 2 of this paper.

In this paper the performance of SPR system has been
thoroughly analyzed. A calibration algorithm using multiple
memory polynomials has been used in order to improve the
linearity performance of the six-port receiver. This linearity
performance along with other criteria is compared to the
performance of a commercially available 𝐼-𝑄 demodulator,
and the advantages and the drawbacks of the SPR system
are highlighted. ADL5382 [10] from Analog Devices, Inc.
has been chosen for this purpose. This demodulator is a
broadband quadrature 𝐼-𝑄 demodulator and it covers an
RF input frequency range from 700MHz to 2.7GHz. The
evaluation board [10] for this 𝐼-𝑄 demodulator has a dc-
block at the baseband outputs 𝐼- and 𝑄-ports. To avoid any
distortion in the received signal due to this narrowband
frequency filtering near zero frequency (dc), the present
evaluation board has been used as a low-IF (intermediate
frequency) receiver.Theblock diagram to implement the low-
IF receiver concept using an 𝐼-𝑄 demodulator is shown in
Figure 2.The further details of this implementation are being
provided in Sections 3 and 4.

The remainder of this paper is organized as follows.
Section 2 formulates the linear calibration problem and
the used algorithm to boost the linearity of six-port-based
receiver systems, Section 3 provides the technical details of
the implemented low-IF receiver using 𝐼-𝑄 demodulator,
Section 4 details the measurement setup used for evaluating
the performances of the implemented and calibrated six-
port based receiver and the commercial low-IF receiver,
Section 5 provides the results and comparisons, and Section 6
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Figure 2: Block diagram of a low-IF receiver using 𝐼-𝑄 demodula-
tor.

concludes the paper and provides some final comments and
observations.

2. Linear Calibration of Six-Port Receiver

Modern communication systems use complex representation
for the baseband signals. A real-world message is digitized
and coded in terms of a bit sequence {𝑑

𝑖
} which is further

modulated digitally and mapped to a stream of message
symbols with the help of two orthogonal signals, namely, the
in-phase component signal and the quadrature component
signal. If 𝐼RF(𝑡) and 𝑄RF(𝑡) represent the in-phase and the
quadrature components, respectively, of a digitallymodulated
baseband signal, then the complex baseband signal 𝑎RF(𝑡) is
written as in

𝑎RF (𝑡) = 𝐼RF (𝑡) + 𝑗𝑄RF (𝑡) ; 𝑗 = √−1. (1)

The complex baseband signal 𝑎RF(𝑡) is frequency upconverted
to a desired carrier frequency 𝑓

𝑐
in the transmitter using a

complex mixer. The bandpass representation of the commu-
nication signal transmitted by the transmitter is denoted by
𝑠(𝑡):

𝑠 (𝑡) = Re {𝑎RF (𝑡) 𝑒
𝑗2𝜋𝑓
𝑐
𝑡
}

= 𝐼RF (𝑡) cos (2𝜋𝑓𝑐𝑡) − 𝑄RF (𝑡) sin (2𝜋𝑓𝑐𝑡) .
(2)

The fundamental task of a communication receiver is to
faithfully recover the complex baseband signal 𝑎RF(𝑡), that
will in turn provide the originally transmitted information
bits {𝑑

𝑖
}. The following subsections describe the approach

throughwhich a six-port based receiver recovers the complex
baseband signal in an efficient and accurate way.

2.1. Six-Port Junction Calibration. Let 𝑎RF = 𝐼RF + 𝑗𝑄RF =

|𝑎RF|𝑒
𝑗𝜑RF be the phasor representation of the original trans-

mitted signal reached at the receiver antenna and let 𝑎LO =
|𝑎LO|𝑒

𝑗𝜑LO be the phasor representation of local oscillator
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(LO) signal; then the power 𝑃
𝑘
detected by the 𝑘th power

detector can be written as in

𝑃
𝑘
=
𝑆𝑘2𝑎RF+𝑆𝑘1𝑎LO


2
, 𝑘 = 3, 4, . . . , 6, (3)

where 𝑆
𝑖𝑗
, 𝑖, 𝑗 = 1, 2, . . . , 6, are the 𝑆-parameters of the six-

port junction or wave-correlator circuit. Equation (3) can be
expanded and rewritten in a matrix form as in

[
[
[

[

𝑃
3

𝑃
4

𝑃
5

𝑃
6

]
]
]

]

=
[
[
[

[

𝑇
31
𝑇
32
𝑇
33
𝑇
34

𝑇
41
𝑇
42
𝑇
43
𝑇
44

𝑇
51
𝑇
52
𝑇
53
𝑇
54

𝑇
61
𝑇
62
𝑇
63
𝑇
64

]
]
]

]

[
[
[

[

1

𝐼
2

RF + 𝑄
2

RF
𝐼RF
𝑄RF

]
]
]

]

, (4)

where

𝑇
𝑘1
=
𝑆𝑘1

2𝑎LO


2
; 𝑇
𝑘2
=
𝑆𝑘2

2
; for 𝑘 = 3, . . . , 6,

𝑇
𝑘3
= 2
𝑆𝑘1

𝑆𝑘2

𝑎LO
 cos (∠𝑆𝑘2 − ∠𝑆𝑘1 − 0LO) ,

𝑇
𝑘4
= −2

𝑆𝑘1

𝑆𝑘2

𝑎LO
 sin (∠𝑆𝑘2 − ∠𝑆𝑘1 − 0LO) .

(5)

Matrix [𝑇]
4×4

in (4) is dependent only on the 𝑆-parameters of
the six-port junction and the LO signal. From (4), 𝐼RF and𝑄RF
can be written as a linear combination of 𝑃

3
, 𝑃
4
, 𝑃
5
, and 𝑃

6

by inverting [𝑇] as in

𝐼RF =
6

∑

𝑘=3

𝛼
𝑘
𝑃
𝑘
, (6)

𝑄RF =
6

∑

𝑘=3

𝛽
𝑘
𝑃
𝑘
. (7)

Here, 𝛼
𝑘
and 𝛽

𝑘
are the entries in the third and the fourth

row of [𝑇]−1
4×4

matrix, respectively. We call this approach
of modeling and calibrating a six-port receiver as linear
modeling and calibration. These eight constants (𝛼

𝑘
and 𝛽

𝑘
;

𝑘 = 3, . . . , 6) are called calibration constants and theymust be
obtained through a suitable calibration means for successful
recovery of the 𝐼- and 𝑄-components of the received signal.
These parameters are independent of the RF signal and are
functions of the 𝑆-parameters of the six-port junction and the
LO signal.

2.2. Power Detector Linearization. It is obvious from (6) and
(7) that this equation uses four powers readings (𝑃

3
, . . . , 𝑃

6
)

from the four power detectors. The outputs from the power
detectors are voltages which shall be proportional to their
corresponding input powers, if the detectors are operating in
their ideal linear regions. In the linear regions of the diode
power detectors, the relationship between the input powers
and the output voltages can be written as in

V
𝑘
= 𝑘
𝑘
𝑃
𝑘
; 𝑘 = 3, 4, . . . , 6, (8)

where 𝑘
𝑘
is a parameter dependent on the characteristic of the

𝑘th power detector.
Diode-based power detectors are widely used nowadays

because of their low power and simplified support cir-
cuitry requirement. The dynamic range of the diode power
detectors, where the output voltage from the detector is
proportional to the input microwave power, is quite limited.
This limits the useful range of operations of the diode power
detectors formany applications. For example, when the diode
power detectors are used in a SPR system, the dynamic ranges
of the diode power detectors limit the dynamic range of the
whole receiver system. To extend this dynamic range, the
power detectors can be operated beyond their linear regions,
where they exhibit nonlinear characteristic. Linearization of
the diode power detectors characteristics is performed to
open up this limitation and to extend their dynamic range
without affecting the received signal quality. The output
voltage of the diode power detector is used to predict its
characteristic and compensate for its nonlinear behavior.
In nonlinear region of a diode power detector, the output
detector voltage can be thought of as a nonlinear function of
the detector input power as shown in

V
𝑘
= 𝑓 (𝑃

𝑘
) ; 𝑘 = 3, 4, . . . , 6, (9)

where 𝑓(⋅) is a nonlinear function governed by the nonlinear
characteristic of the 𝑘th power detector. In order to obtain
the linear power corresponding to any output voltage, an
inverse function 𝑓−1 must be applied to the detector output
voltage (V

𝑘
). There are different ways [9, 11, 12] to implement

this inverse function and linearize the diode power detector
characteristic, but we choose here a wideband linearization
approach [9] that results in a single step linearization and
calibration for the whole six-port based receiver system.

2.3. Wideband Linearization and Calibration. It has been
reported in [9] that the diode detectors display memory
effect, which is a frequency dependent phenomenon. When
the inputs to the diode detectors arewidebandmodulated sig-
nals, the relationship between the instantaneous inputs power
and the corresponding output voltage is quite different from
the usual continuous wave (CW) characteristics modeled in
(8). This phenomenon has been modeled more accurately in
[9] using a modified memory polynomial:

𝑃
𝑘 [𝑛] =

𝑀
𝑘

∑

𝑞=0

𝑁
𝑘

∑

𝑝=1

𝑐
𝑝𝑞𝑘

V𝑝
𝑘
[𝑛 − 𝑞] . (10)

The detector linearizer model in (10) is applied to (6)
and (7) to obtain a wideband single step in situ linearization
and calibration model for the whole six-port based receiver
system. This wideband model [9] to linearize and calibrate
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the SPR system and to obtain the 𝐼- and 𝑄-components of
the received signal is written as in

𝐼EST [𝑛] =
6

∑

𝑘=3

𝑀
𝑘

∑

𝑞=0

𝑁
𝑘

∑

𝑝=1

𝛼
𝑝𝑞𝑘

V𝑝
𝑘
[𝑛 − 𝑞] , (11)

𝑄EST [𝑛] =
6

∑

𝑘=3

𝑀
𝑘

∑

𝑞=0

𝑁
𝑘

∑

𝑝=1

𝛽
𝑝𝑞𝑘

V𝑝
𝑘
[𝑛 − 𝑞] . (12)

Here, 𝛼
𝑝𝑞𝑘

(=𝑐
𝑝𝑞𝑘
𝛼
𝑘
) and 𝛽

𝑝𝑞𝑘
(=𝑐
𝑝𝑞𝑘
𝛽
𝑘
) are the wideband

calibration parameters thatmust be estimated using a suitable
calibration means. Once these parameters are calibrated for
the SPR system, the 𝐼- and 𝑄-components of the received
signal can be recovered from the four detectors voltages using
(11) and (12).

3. Low-IF Receiver Using 𝐼-𝑄 Demodulator

The commercially available 𝐼-𝑄 demodulator used for
comparison in this paper is an evaluation board (EVB) of
ADL5382 [10] from Analog Devices, Inc. This demodulator
covers anRF input frequency range from700MHz to 2.7 GHz
and requires a 5V supply to generate internal biases [10].
The reason for using this EVB as a low-IF receiver instead
of direct conversion receiver (DCR or zero-IF receiver) has
been explained in Section 1. To reinforce the point, Figure 3
shows the spectrum plots for a transmitted and received 16-
QAM modulated signal when 𝐼-𝑄 demodulator is used as
a DCR. The removal of frequency components around zero
frequency from the received signal by the EVB results in
distortions and the increased EVM between the transmitted
and the received constellation points.

The 𝐼-𝑄 demodulator for the low-IF receiver is operated
in single ended mode as is the case with the six-port-
based receiver system discussed in Section 2. To operate the
𝐼-𝑄 demodulator as a low-IF receiver, the LO frequency
(𝑓LO) supplied to the demodulator has been offset by an
intermediate frequency (𝑓IF) from the carrier frequency (𝑓

𝑐
)

of the RF signal sent by the transmitter.The 𝐼-𝑄 demodulator
output in this case can be written as in

𝑠IF (𝑡) = Re {𝑎RF (𝑡) 𝑒
𝑗2𝜋𝑓
𝑐
𝑡
𝑒
−𝑗(2𝜋𝑓LO𝑡+𝜑)}

= Re {𝑎RF (𝑡) 𝑒
𝑗[2𝜋(𝑓

𝑐
−𝑓LO)𝑡+𝜑]}

= Re {𝑎RF (𝑡) 𝑒
𝑗(2𝜋𝑓IF𝑡+𝜑)} .

(13)

Here, 𝜑 is the initial phase difference between the transmitter
LO signal (𝑓

𝑐
) and the receiver LO signal (𝑓LO). The real

signal 𝑠IF(𝑡) is the signal which is captured and processed
in the digital signal processing block shown in Figure 2.
The digitized signal 𝑠IF(𝑡) is digitally demodulated from
intermediate frequency 𝑓IF to the baseband and corrected for
the phase error 𝜑. The demodulated signal approximates the
original transmitted baseband signal 𝑎RF(𝑡).

In order to assess the performance of both receivers,
a performance metric in terms of error vector magnitude
(EVM) between the transmitted and the received signal is
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Figure 3: Input and output signal spectrums of a 16-QAM modu-
lated signal having 1MHz frequency bandwidth when 𝐼-𝑄 demod-
ulator is used as a direct conversion receiver (DCR).
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Figure 4: Complete test setup for the six-port based communication
receiver.

used.TheEVMbetween the transmitted signal (𝑇[𝑛]) and the
received signal (𝑅[𝑛]) of symbol lengths𝑁 is defined as in

EVM = √
(1/𝑁)∑

𝑁

𝑛=1
|𝑅 [𝑛] − 𝑇 [𝑛]|

2

(1/𝑁)∑
𝑁

𝑛=1
|𝑇 [𝑛]|

2
× 100%. (14)

4. Implementation and Measurement Setup

TheSPR and the low-IF receivers test setups are implemented
as shown in Figures 4 and 5, respectively.

The baseband signals for the test setups are generated
in MATLAB and sent to the MXG vector signal genera-
tors (N5182A from Agilent Technologies, Inc.) for signal
modulation and frequency upconversion to a desired carrier
frequency (𝑓

𝑐
). The output of this signal generator is con-

nected to the RF ports of the receivers to simulate an
actual RF received signal. The LO signal for the receivers
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Figure 5: Test setup for the low-IF receiver.

is supplied by a PSG CW signal generator (E8247C from
Agilent Technologies, Inc.) and the desired receiver LO
frequency is set here. Off-the-shelf 3 dB quadrature hybrids
and power divider are used to configure the six-port junction
structure for the SPR system. Four zero bias Schottky diode
detectors (8472B from Agilent Technologies, Inc.) are used
as port power detectors as shown in Figure 4. The EVB for
ADL5382 is used as 𝐼-𝑄 demodulator for the low-IF receiver
as shown in Figure 5. DC power supply (E3631A fromAgilent
Technologies, Inc.) provides the bias voltage required for
ADL5382EVB. The four detectors output voltages (in case of
SPR) or the demodulator 𝐼- and 𝑄-signals (in case of low-
IF receiver) are captured using synchronized four-channel
mixed signal scope (MSO9404A from Agilent Technologies,
Inc.) with the VSA software.The captured voltages, in case of
SPR, are used to calibrate the receiver system and estimate
the received symbols using (11) and (12) as explained in
Section 2. The captured voltages, in case of low-IF receiver,
are used to bring down the low-IF signal to baseband using
an appropriate demodulation process explained in Section 3.
All the calibration, estimation, and demodulation are carried
out in MATLAB on a desktop computer.

5. Results and Observations

The 16-QAM and the 64-QAM signals with different fre-
quency bandwidths are sent at a carrier frequency of 2.0GHz
to both the SPR and the low-IF receivers. The baseband
symbols are upsampled by a factor of 8 and passed through
a raised cosine filter of roll-off factor 0.3 and a delay of 3 taps.
The mean power of the RF signal is set to be −3 dBm. The
LO signal is supplied at the carrier frequency, in case of SPR,
and at a frequency offset by 𝑓IF from the carrier frequency,
in case of low-IF receiver. The LO power is set to be 0 dBm.
The RF and the LO powers are kept constants for both setups
throughout the experiment.The low-IF receiver bias circuitry
draws a current of 0.268A at constant 5.0 V from the DC

Table 1: LO frequencies for the low-IF receiver.

Modulation
scheme

Bandwidth
(MHz)

Sampling
frequency
(MHz)

Receiver
LO frequency

(GHz)

𝑓IF
(MHz)

16/64-QAM 1 8 1.9985 1.5
16/64-QAM 2 16 1.9970 3.0
16/64-QAM 10 80 1.9850 15

power supply. Table 1 summarizes the LO frequencies used
for different signals in the low-IF receiver.

The baseband signal sampling frequency for a specific
signal type is kept the same for both receiver architectures for
fair comparison.

5.1. Architectural Comparison. Table 2 summarizes the main
architectural differences between the SPR systemand the low-
IF receiver used for study in this paper. The demodulation
bandwidth in case of SPR system is lower as compared to low-
IF receiver because the diode detectors used here are limited
in their speeds.

5.2. EVM Performance Comparison. With the settings in
Table 1 and the transmitted signal carrier frequency at
2.0GHz, the 𝐼- and 𝑄-data for low-IF receiver are obtained
through the process explained in Section 3. Similarly, the
𝐼- and 𝑄-data for the SPR are obtained according to the
method explained in Section 2 after boosting the linearity of
the SPR receiver using the calibration technique shown in (11)
and (12).

Table 3 summarizes the EVM performances of both
receivers under identical signal conditions. For the sake
of completeness, the EVMs of the received signals for the
𝐼-𝑄 demodulator used as DCR are also listed in Table 3.
Conventional SPR performance is based on polynomial
detector linearizer [13] which corresponds to the linear and
memoryless calibrationmodel of [9].The in situ linearization
and calibration model improves the overall performance
of the SPR system. Figures 6 and 7 show the transmitted
and the received constellation points of a 64-QAM signal
having 2MHz bandwidth for the low-IF receiver and the
SPR system, respectively. Similarly, Figures 8 and 9 show the
transmitted and the received signals frequency spectrums of a
64-QAMmodulated signal having 2MHz bandwidth for the
low-IF receiver and the SPR system, respectively. The EVM
performance of the SPR system is better in comparison to
the low-IF receiver. The high EVM for low-IF receiver comes
mainly from image frequency and IMDs (intermodulation
distortions).We have not compensated for these impairments
in the low-IF receiver, while the SPR system is calibrated for
any nonlinearities and memories present. The spectrum for
the low-IF receiver shown in Figure 8 is filtered to remove the
image and IMDs coming from the IF-receiver.

5.3. Power Requirements Comparison. Table 4 compares the
powers of the RF signal and LO signal and the total power
requirement for both receiver systems.The SPR requires four
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Table 2: Architectural comparison between SPR and low-IF receiver.

Architecture Six-port based receiver Low-IF receiver

Key components 4 × Diode detectors + 3 × quadrature hybrids + 1
× power divider

2 × 4 transistors Gilbert cell mixer + 1 × phase
shifter + 1 × power divider + 2 × low pass filters

Bias requirement No Yes
Receiver LO
Frequency
Planning

No, same as carrier frequency Yes

Input RF bandwidth 2–18GHz 0.7–2.7 GHz
3 dB demodulation bandwidth ∼29MHz ∼185 MHz

Table 3: EVM (%) performance of different receivers under test.

Signal type Conventional
six-port receiver [9, 13]

Calibrated six-port
receiver [9] Low-IF receiver Direct conversion

receiver
16-QAM 1MHz 4.19 0.64 6.88 21.25
16-QAM 2MHz 6.42 0.80 4.99 15.06
16-QAM 10MHz 7.35 2.51 4.69 7.02
64-QAM 1MHz 4.50 0.73 6.90 22.20
64-QAM 2MHz 6.58 0.77 5.38 16.23
64-QAM 10MHz 7.40 2.48 4.59 8.65

Table 4: Power requirements of different receivers under test.

Power type six-port receiver Low-IF receiver
RF power 0.0005W (−3 dBm) 0.0005W (−3 dBm)
LO power 0.001W (0 dBm) 0.001W (0 dBm)
DC power 0W 1.34W (31.27 dBm)
ADC power 4 × 250mW (30 dBm) 2 × 250mW (27 dBm)
Total power 1.0015W (30.01 dBm) 1.8415W (32.65 dBm)

ADCs for sampling the baseband signals, while the low-IF
receiver requires only two. A 12-bit ADC (AD9626 from
Analog Devices, Inc.) [14] has been chosen for the power
consumption comparison provided in Table 4.

The SPR system has an advantage here as it does not
require any external bias power supply. This drastically
reduces the power consumption of the whole receiver system.
For the example case considered here, the total power
requirement of the SPR system (1.0015W/30.01 dBm) is about
half (∼54%) of the total power requirement of the low-IF
receiver (1.8415W/32.65 dBm). It is true, from the datasheet
[10] of the EVB, that the low-IF receiver can be operated
at much lower power levels of the RF and the LO signals,
still the bias power requirement dominates the total power
requirement of the low-IF receiver.

The abovementioned levels of the RF and the LO powers
have been chosen such that the signal levels at the input
of the diode detectors are above their sensitivity levels and
the detectors generate detectable voltages at their output
terminals.

5.4. Ports Matching Comparison. The RF and the LO ports
matching and the isolation between them are important

Table 5: Port matching of different receivers under test.

Port data Six-port
receiver

Low-IF
receiver

RF port return loss ∼30 dB ∼10 dB
LO port return loss ∼30 dB ∼10 dB
Isolation between RF and LO port ∼40 dB ∼65 dBc

parameters for characterizing a receiver system. Table 5 sum-
marizes these characteristics for both receivers under study.
Because of passive quadrature hybrids and power dividers
involvement better port matching over a wide frequency
bandwidth can be achieved in case of SPR system, while low-
IF receiver offers better isolation between the RF and the LO
ports. The isolation between the RF and the LO ports that
results in dc-offset in the output is an important parameter
for direct conversion receivers. The performance loss due to
this imperfection can be accurately modeled and calibrated
for in the SPR systems.

5.5. Conversion Gain Comparison. The outputs of the low-
IF receiver EVB are the single ended 𝐼- and 𝑄-signals while
those of the SPR system are four voltages generated by the
four power detectors. The peak value of the 𝐼/𝑄-signals in
case of low-IF is about 250mV, while the peak value of the
detectors output voltages is about 22mV. The RF and the LO
powers for the two test cases are identical. Considering the
connectors and cable losses for both the test setups identical,
the low-IF receiver has at least 18 dB higher conversion
gain as compared to the six-port based receiver. The higher
conversion gain of the low-IF receiver comes from the active
mixers used in the demodulator circuitry.
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Figure 6: Transmitted and received constellation points of a 64-
QAM signal having 2MHz bandwidth for low-IF receiver.
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Figure 7: Transmitted and received constellation points of a 64-
QAM signal having 2MHz bandwidth for six-port-based receiver
(SPR).

5.6. Noise Figure, Sensitivity, and Dynamic Range. The noise
figure of the SPR RF front-end circuit is defined here in terms
of the loss of the wave-correlator circuit and the noise figure
of the diode detector using Friis equation:

𝐹 = 𝐿 + 𝐿 (𝐹
𝐷
− 1) . (15)

Here, 𝐿 is the loss of the wave-correlator circuit. This loss
factor 𝐿 is about 7 dB for passive wave-correlator consisting
of quadrature hybrids and power divider.The noise factor 𝐹

𝐷

of the diode detector is defined as in

𝐹
𝐷
=

SNR
𝑖

SNR
𝑜

=
𝑆
𝑖

𝑆
𝑜

𝑁
𝑜

𝑁
𝑖

, (16)

where 𝑆
𝑖
, 𝑁
𝑖
and 𝑆

𝑜
, 𝑁
𝑜
are the detector input and output

signal and noise powers, respectively. Typical noise for single-
tone continuous wave (CW) input for the used diode detector
is less than 50 𝜇V peak-to-peak [15]. The detector outputs
are more than 300mV for an input CW signal of power
20 dBm. Assuming the input noise to the diode detector to be
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Figure 8: Transmitted and received frequency spectrums of a 64-
QAM signal having 2MHz bandwidth for low-IF receiver.
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Figure 9: Transmitted and received frequency spectrums of a 64-
QAM signal having 2MHz bandwidth for six-port-based receiver
(SPR).

at the thermal level, the resulting noise figure of the six-port
receiver is much higher as compared to the low-IF receiver
noise figure of about 16 dB [10].

At about 2GHz frequency, the minimum RF input level
for acceptable EVM for the low-IF receiver is close to
−40 dBm [10]. The minimum RF level for the SPR is limited
by the minimum detectable level of the diode detectors used.
Given the noise level at the output of the detectors (50𝜇V
peak-to-peak), the minimum RF signal level that can be
accepted by the SPR system is about −10 dBm [15].

The maximum power handling capability of the used
diode detector is about 20 dBm. This decides the dynamic
range of the diode detectors and hence the dynamic range
of the whole receiver system. Though the linear region of
the diode detector used is quite limited, its dynamic range
can be improved to about 30 dB using the linearization and
calibrationmethod used in [9].Thedynamic range of the low-
IF receiver evaluated here is more than 50 dB [10]. Table 6
summarizes the results of the analysis carried out.
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Table 6: Summary of the comparisons.

Architecture Calibrated six-port
receiver

Low-IF
receiver

Input RF bandwidth ++++ ++
3 dB demodulation bandwidth ++ ++++
Circuit complexity +++ +
Port matching +++ −

Ports isolation ++ +++
Power requirement ++ −−

EVM performance +++ ++
Noise figure − − − ++
Sensitivity − − − +++
Dynamic range −− +++
Intermodulation +++ −−

Cost ++ +
Conversion gain −− +++

6. Conclusions

In this paper the performance of a six-port based receiver
(SPR) system has been analyzed. Multimemory polynomial
calibration technique has been applied to the detected voltage
readings from the four power detectors in order to boost the
linearity of the receiver.This linearity performance and other
performance metrics such as dynamic range, power con-
sumption, port matching, and isolation are compared to the
performance of a commercially available 𝐼-𝑄 demodulator.
The calibrated six-port based receiver offers a wide available
RF bandwidth and better port matching as compared to the
𝐼-𝑄 demodulator but suffers heavily in terms of noise figure,
sensitivity, and dynamic range. The major limitations of the
SPR come from the diode power detectors. Better power
detectors will alleviate some of the issues highlighted here.
The error-vector-magnitude (EVM) performance of the SPR
system can be improved by linearizing the diode detectors
and calibrating the whole system in situ. The other advantage
of the SPR system comes in terms of its power requirement.
SPR system requires no external bias supply and the LO
power requirement is comparable to the RF power level. The
external supply helps improve the conversion gain of the 𝐼-
𝑄 demodulator. The 3 dB demodulation bandwidth of the
𝐼-𝑄 demodulator is almost a decade higher than the SPR
system. The demodulation bandwidth of the SPR system can
be improved by using faster diode detectors in the system.
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A comparison between performance of a five-port demodulator (FPD) and a three-phase demodulator (TPD) with both
architectures connected to a so-called baseband 𝐼/𝑄 regeneration circuit is carried out. In order to compare these two receivers
to a classical architecture, the performance of an 𝐼/𝑄 demodulator (IQD) is also presented. Measured results show the superiority
of TPD and IQD over FPD in terms of residual DC offsets and 2nd order intermodulation distortion (IMD2) products, noise
figure (NF), and sensitivity due to the use of active balanced mixers instead of diode power detectors. Lastly, demodulation of three
noncontiguous RF carriers shows the stronger potential of the three-phase demodulator (TPD) for applications in future long term
evolution-advanced (LTE-A) receivers through EVM and constellation diagram measurements.

1. Introduction

When it was first introduced in the beginning of the 70’s, the
six-port technique was originally used in metrology to accu-
rately measure reflection coefficients of complex impedances
[1] like a vectorial network analyzer (VNA). Since then, the
field of applications of six-port systems has been extended
to measurement of direction of arrival (DoA) of multiple
signals [2, 3], phase/frequency discriminator for automobile
radars [4, 5], microwave and millimeter-wave sensing [6],
and demodulators in direct-conversion receivers [7–20]. The
six-port technique is based on an RF circuit with 2 inputs
and 4 outputs that performs the linear combination of the
2 input signals, 4 power detectors connected to each output
of the RF circuit for quadratic detection, 4 analog-to-digital
converters (ADCs), and a digital calibration procedure. The
main advantage of the six-port technique is due to the
inherent redundancy of the output data that allows alleviating
the performance of the RF components of the circuit. On the
other hand, the downside of this lies in the use of 4 ADCs

at the outputs of the system. However, in direct-conversion
receiver applications, the number of ADCs can be reduced
to 3 by using the so-called five-port technique [21–26]. In
this particular case, the power level of the local oscillator
(LO) is supposed to be constant or prone to very small
variations, which accordingly permits the suppression of one
ADC. In order to further reduce the number of ADCs to
only 2 likewise conventional 𝐼/𝑄 architectures, the 3 outputs
of the five-port circuit have to be designed so that one of
them is an amplitude and phase symmetry axis in relation
to the two others [26–28]. When these two conditions are
fulfilled, a single analog OP-amp circuit can be connected
to the 3 outputs of the five-port to perform basic operations
(sum and difference) between them, resulting in two 90∘
quadrature 𝐼 and 𝑄 output components of the demodulated
RF signal. For this reason, we call this analog OP-amp circuit
a baseband 𝐼/𝑄 regeneration circuit [26]. Other valuable ben-
efits of the use of this circuit are DC offsets suppression and
2nd order intermodulation distortion (IMD2) cancellation,
which are serious issues in direct-conversion receivers [29].
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Figure 1: General model of the (a) FPD and (b) TPD.

Lastly, it should be pointed out that the use of the 𝐼/𝑄
regeneration circuit allows to avoid the tedious calibration
procedure mentioned above for a five-port circuit alone [21].
However, in practice the two outputs of the 𝐼/𝑄 regeneration
circuit are two scaled versions of the actual 𝐼 and 𝑄 com-
ponents, showing amplitude and phase mismatch. Thus, the
actual 𝐼 and 𝑄 values are determined by means of simple
amplitude/phase equalization. In [26], a 2.1 GHz microstrip
ring-based five-port system used with the 𝐼/𝑄 regeneration
circuit exhibits 90 ± 5

∘ phase shifted 𝐼 and 𝑄 components
over more than 2 octaves, 10 dB DC offsets suppression, and
up to 23 dB IMD2 rejection compared to microstrip five-
port circuit alone. However, the main drawback of five- or
six-port architectures used in direct-conversion receivers is
their low sensitivity due to the very high conversion loss
(30–40 dB) of diode power detectors. In [30], for a 2.1 GHz
microstrip five-port circuit that uses Agilent HSMS-2850
diodes for detection, measured conversion loss is 39 dB and
noise figure is 36 dB. Simulation results in [12] show that
conversion loss can be reduced to 16 dB with the use of
AgilentHSCH-9161 diodes. In this paper, the FPDuses tunnel
diodes instead of Schottky diodes that exhibit less than 11 dB
conversion loss, which still remains unacceptable. To improve
sensitivity of five- or six-port circuits, mixers can be used
instead of diodes since they show lower conversion loss
(even conversion gain for active mixers) and lower noise
figure and generate less DC offsets and IMD2 products.
Obviously, since mixers are three-port devices, the RF circuit
that performs the linear combination of theRF andLO signals
has to be slightly modified compared to the case of two-port
power detectors. For this reason, the naming “three-phase
demodulator” (TPD) is used for this type of architecture
including mixers while the “five-port demodulator” (FPD)
term is dedicated to architectures with power detectors, only.

In this paper, the performances of an FPDand aTPDboth
connected to the baseband 𝐼/𝑄 regeneration circuit discussed
above are studied and compared to those obtained with a
classical 𝐼/𝑄 demodulator (IQD). These 3 receivers are dedi-
cated to long term evolution-advanced (LTE-A) applications
and operate between 2GHz and 3.6GHz.While the spectrum
allocated to future LTE-A systems is expected to span from

700MHz to 3.6GHz, our study was limited to the 2–3.6GHz
frequency range due to the limited bandwidth of the 3-way
power dividers used in the implemented FPD and TPD.
First, the operating principles of the FPD, TPD and the 𝐼/𝑄
regeneration circuit are explained and the implementation
of the 2 demodulators is presented. Then, experimental
results are presented for 𝐼/𝑄 amplitude/phase imbalance, DC
offsets and IMD2 products suppression, noise figure, and
sensitivity for each architecture. Also, baseband spectrum of
three noncontiguous RF signals after demodulation is shown
as well as error vector magnitude (EVM) measurements
and constellation diagrams. These results demonstrate the
superiority of the TPD architecture in overall performance
except for residual DC offsets that are higher in TPD than
in IQD. To the best of our knowledge, this is the first study
dealing with performance comparison between FPD, TPD,
and IQD.

2. Five-Port Demodulator (FPD)
and Three-Phase Demodulator (TPD)
Basic Principles

Figure 1 shows the general models of the FPD and TPD
that are used in direct-conversion receiver architectures. The
difference between FPD and TPD lies in the active devices
used for downconversion, which are detectors andmixers for
FPD and TPD, respectively. The circuits have 2 inputs for
LO and RF signals and 3 low frequency outputs V

3
(𝑡), V
4
(𝑡),

and V
5
(𝑡). After LO and RF signals are both split by 3-way

power dividers with different attenuation coefficients 𝐴
𝑖
and

𝐵
𝑖
and phase shifts 𝛾

𝑖
, 𝜑
𝑖
(𝑖 = 3, 4, 5), the signals are combined

together by means of adders. Then, square-law devices per-
form envelope detection as well as downconversion, low-pass
filters suppress any high frequency components, and lastly,
three ADCs digitize the output voltages V

3
(𝑡), V
4
(𝑡), and V

5
(𝑡).

In the case of the TPD, the adders and envelope detectors are
replaced by mixers that multiply LO and RF signals [23, 28].
Although, devices used for downconversion differ in the FPD
and TPD, the basic operating principle is the same for both.
In depth analysis with equations derivations can be found in
[21, 26, 27].
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It can be shown that the 3 low frequency voltages of the
FPD or TPD can be expressed as follows:

V
𝑖 (𝑡) =

𝐾
𝑖

2
𝐴
2

𝑖
𝑉
2

LO +
𝐾
𝑖

2
𝐵
2

𝑖
[𝐼
2
(𝑡) + 𝑄

2
(𝑡)] + 𝐾𝑖𝑉LO𝐴 𝑖𝐵𝑖

× [cos(𝛾
𝑖
−𝜑
𝑖
) 𝐼 (𝑡)+sin(𝛾𝑖−𝜑𝑖) 𝑄 (𝑡)] 𝑖 = {3, 4, 5} ,

(1)

where𝐾
𝑖
is the second-order coefficient of the diode transfer

characteristic (resp., conversion loss of the mixer) at port
𝑖 in the case of the FPD (resp., TPD) while 𝐼(𝑡) and 𝑄(𝑡)

are the in-phase and quadrature-phase components of the
input modulated RF signal. The first term in (1), that is a
DC component, is due to LO signal self-mixing. It is the
main contributor to DC offsets. The second term, which
comprises a DC and low frequency time variant components,
results from self-mixing of the RF signal. This low frequency
component is the IMD2 product. As for the last term,
it contains the desired actual 𝐼(𝑡) and 𝑄(𝑡) components.
Accordingly, (1) can be rewritten as follows:

V
𝑖 (𝑡) = DC

𝑖
+ IMD2

𝑖 (𝑡)

+ 𝐾
𝑖
𝑉LO𝐴 𝑖𝐵𝑖 [cos (Φ𝑖) 𝐼 (𝑡) + sin (Φ

𝑖
) 𝑄 (𝑡)]

𝑖 = {3, 4, 5} ,

(2)

where DC
𝑖
is the sum of the DC components due to LO and

RF signals self-mixing; IMD2
𝑖
(𝑡) is the low frequency time

variant component due to 2nd order nonlinearity and Φ
𝑖
=

𝛾
𝑖
− 𝜑
𝑖
.

3. Baseband Analog 𝐼/𝑄 Regeneration Circuit

As mentioned before, if one of the 3 low frequency voltages
V
𝑖
(𝑡) is an amplitude and phase symmetry axis in relation to

the 2 others, the number of ADCs in Figure 1 can be reduced
to only two by adding a single 𝐼/𝑄 regeneration circuit at the
three outputs of the FPD or TPD. If we arbitrarily choose
V
4
(𝑡) as the symmetry axis, these 2 conditions can be stated

as follows:

(1) amplitude symmetry condition:

𝐴
3
= 𝐴
5
= 𝐴, 𝐵

3
= 𝐵
5
= 𝐵, 𝐾

3
= 𝐾
5
= 𝐾, (3)

(2) phase symmetry condition:

𝜙
3
= 𝐶
0
+ 𝛼, 𝜙

4
= 𝐶
0
, 𝜙

5
= 𝐶
0
− 𝛼, (4)

where 𝐶
0
is a phase shift of V

4
(𝑡) whose effect is a rotation of

the 𝐼-𝑄 phase diagram of an angle equal to𝐶
0
. For simplicity,

we will consider that 𝐶
0
= 0.

Now, if the amplitude symmetry condition is extended to
V
4
(𝑡), that is,

𝐴
3
= 𝐴
4
= 𝐴
5
= 𝐴, 𝐵

3
= 𝐵
4
= 𝐵
5
= 𝐵,

𝐾
3
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4
= 𝐾
5
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Figure 2: Architecture of the baseband analog 𝐼/𝑄 regeneration
circuit.

then, it can be shown that the actual 𝐼(𝑡) and𝑄(𝑡) components
are [26, 27]

𝐼 (𝑡) = 𝜇𝐼 [−V3 (𝑡) + 2V4 (𝑡) − V
5 (𝑡)] = 𝜇𝐼𝐼OUT (𝑡) ,

𝑄 (𝑡) = 𝜇𝑄 [V3 (𝑡) − V
5 (𝑡)] = 𝜇𝑄𝑄OUT (𝑡)

(6)

with

𝜇
𝐼
=

1

{2𝐾𝑉LO𝐴𝐵 [1 − cos (𝛼)]}
,

𝜇
𝑄
= tan(𝛼

2
) ⋅ 𝜇
𝐼
.

(7)

The 𝐼/𝑄 regeneration circuit whose architecture is shown
in Figure 2 realizes the sums and differences of the output
voltages V

𝑖
(𝑡) to compute 𝐼OUT(𝑡) and 𝑄OUT(𝑡) in (6). These

are scaled versions of the actual 𝐼(𝑡) and𝑄(𝑡) components, so
an equalization procedure is needed.

However, it is shown in [26] that the quadrature of 𝐼(𝑡)
and 𝑄(𝑡) is ensured as long as the two symmetry conditions
stated in (3) and (4) remain fulfilled, independently of the
value of 𝛼, so that no phase compensation has to be applied.
On the other hand, the amplitude of 𝐼(𝑡) and𝑄(𝑡) is function
of 𝛼 and they differ from each other except when 𝛼 =

90
∘ and (5) are fulfilled. In this particular case, 𝐼OUT(𝑡) and

𝑄OUT(𝑡) have the same amplitude and since quadrature is
always satisfied, the actual 𝐼(𝑡) and 𝑄(𝑡) components are
directly recovered from 𝐼OUT(𝑡) and 𝑄OUT(𝑡) without any
amplitude/phase compensation, and therefore, no equal-
ization procedure is required if the transmitter is directly
connected to the receiver. However, in a real communication
link, equalization is still needed due to the degradation of
RF propagation channel. Furthermore, amplitude symmetry
condition in (5) allows the 𝐼/𝑄 regeneration circuit to
suppress DC offsets and IMD2 products in both 𝐼 and 𝑄

paths. Indeed, if the 3 paths of the FPD or TPD are perfectly
identical, the DC

𝑖
and IMD2

𝑖
(𝑡) in (2) are canceled when

V
𝑖
(𝑡) is substituted into (6). The Analog Devices AD8056A

OP-amp circuit was used in the fabricated prototype and the
values of the resistors were chosen in order to obtain a unity
voltage gain in each of the 𝐼 and 𝑄 paths, as in [26].
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Figure 3: Schematic of (a) FPD and (b) TPD architectures with baseband 𝐼/𝑄 regeneration circuit (c) IQD.

4. Implementation of
Five-Port (FPD), Three-Phase (TPD),
and 𝐼/𝑄 Demodulators (IQD)

Figure 3 shows a schematic of FPD and TPD with baseband
analog OP-amp circuit for 𝐼/𝑄 regeneration as well as IQD
architecture. For FPD and TPD, RF and LO signals are split
by means of Anaren 43020 3-way power dividers showing
insertion loss below 0.4 dB in each branch and isolation better
than 23 dB between 2GHz and 3.6GHz. FPD architecture
implies the use of 1 GHz to 4GHz microstrip power dividers
fabricated in our lab on printed circuit boards (PCBs) in order
to combine the RF and LO signals to deliver to the power
detectors.These are based onHerotekDT1018P tunnel diodes
showing tangential signal sensitivity (TSS) of −50 dBm and
gain flatness of ±1 dB from 1GHz to 18GHz. For the TPD and
IQD, the downconversion operation is performed by means
of MeuroMMB0050050F0020 active mixers exhibiting 10 dB
conversion gain and above 30 dB LO-to-RF isolation from
0.45GHz to 3.6GHz.

In the IQD, RF signal is split by a Mini-Circuits ZAPD-4
power divider while LO signal is split and 90∘ phase shifted
by aMini-Circuits ZAPDQ-4 showing less than 7∘ offset from
90∘ ideal quadrature in the 2–3.6GHz frequency range.

5. Measurement Results

5.1. 𝐼/𝑄 Amplitude and Phase Imbalance. First, in order to
verify the symmetry properties of the implemented FPD and
TPD without 𝐼/𝑄 regeneration circuit, amplitude and phase
of the three low frequency voltages V

𝑖
(𝑡)weremeasured at the

outputs of the two architectures. Two continuous-wave (CW)
signals with Δ𝑓 = 10 kHz separation were applied to the RF
and LO input ports of the circuits. Agilent EXG N5172B and
E4432B signal generators were used for this purpose with RF
power equal to −25 dBm and LO power level set to 5 dBm
while the three output voltages V

𝑖
(𝑡)were measured bymeans

of Agilent 54622D oscilloscope. Figure 4 shows themeasured
output voltage amplitudes for FPD and TPD architectures in
the 2–3.6GHz frequency range.

As expected, the output voltage amplitudes are higher in
the case of TPD due to the use of active mixers instead of
diode detectors, in FPD. Amplitude balance between output
voltages V

3
(𝑡), V
4
(𝑡), and V

5
(𝑡) is better for TPD than FPD,

especially for frequencies above 3.2GHz due to mismatch
between diode detectors used in FPD architecture. Indeed,
amplitude imbalance for TPD does not exceed 1 dB from
2GHz to 3.6GHz showing slight performance degradation
between 3GHz and 3.4GHz. On the other hand, amplitude
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Figure 4: Measured output voltage amplitudes for FPD and TPD
architectures without 𝐼/𝑄 regeneration circuit (𝑃LO = 5 dBm, PRF =
−25 dBm, and Δ𝑓 = 10 kHz).

imbalance for FPD remains below 2.5 dB from 2GHz to
3.2GHz but is up to 5 dB from 3.2GHz to 3.6GHz. Never-
theless, amplitude imbalance between V

3
(𝑡) and V

5
(𝑡) is kept

below 3.2 dB for FPD. Figure 5 shows phase shift of V
3
(𝑡) and

V
5
(𝑡) with respect to V

4
(𝑡) (Φ

3
− Φ
4
and Φ

4
− Φ
5
) and phase

difference between 𝐼(𝑡) and 𝑄(𝑡) when the 𝐼/𝑄 regeneration
circuit is connected to FPD or TPD. For comparison, 𝐼/𝑄
phase difference is also plotted for the IQD. Phase imbalance
between V

3
(𝑡) and V

5
(𝑡) with respect to V

4
(𝑡) is maintained

below 10∘ and 4∘ for FPD and TPD, respectively, except
between 3GHz and 3.3GHz for the latter. In this frequency
range, the high discrepancy betweenΦ

3
−Φ
4
andΦ

4
−Φ
5
(up

to 25∘) originates from mismatch among the active mixers in
TPD.This is quite consistentwithwhat is observed in Figure 4
from 3GHz to 3.4GHz in terms of components mismatch.
As for the absolute value of Φ

3
− Φ
4
and Φ

4
− Φ
5
, which

corresponds to the parameter 𝛼 introduced in Section 3, it
varies approximately from 60∘ to 125∘ between 2GHz and
3.6GHz for both architectures with ideal value of 90∘ at the
center frequency of 2.8GHz. This results in 90∘ ± 10∘ phase
difference between 𝐼OUT(𝑡) and 𝑄OUT(𝑡) signals at the output
of the 𝐼/𝑄 regeneration circuit with perfect 90∘ quadrature
at 2.8GHz, in accordance with theoretical results. As for the
IQD, phase difference between 𝐼(𝑡) and 𝑄(𝑡) is 90∘ ± 7

∘,
showing lower fluctuations around ideal 90∘ value than FPD
and TPD. This is probably due to the fact that the IQD was
made with 2 mixers showing better matching between each
other among the 3 available mixers.

To demonstrate the sensitivity of the IQD to imbalance
between its 𝐼 and 𝑄 paths, the 𝐼/𝑄 phase difference is also
plotted when the IQD is built with a mixer pair showing
higher mismatch. In this configuration, phase difference
between 𝐼(𝑡) and 𝑄(𝑡) is 100∘ ± 15

∘, which features an

important degradation of phase quadrature; while, close to
ideal 90∘, it can still be achieved with the TPD despite the
use of onemixer showing poormatching with the two others,
hence making evidence of the robustness of the TPD leading
to imbalance.

Measured 𝐼OUT(𝑡) and 𝑄OUT(𝑡) signal amplitudes at the
output of the 𝐼/𝑄 regeneration circuit and the IQD are
plotted in Figure 6. Amplitude balance better than 1 dB (12%
amplitude imbalance) is obtained for the IQD across the 2–
3.6GHz frequency range as mixer pair exhibits good match-
ing. Amplitude imbalance between 𝐼OUT(𝑡) and 𝑄OUT(𝑡)
signals remains below 1 dB from 2.8GHz to 3.4GHz for
FPD and from 2.6GHz to 3GHz for TPD. Accordingly, very
small distortion of the constellation should be observed for
these frequencies when a modulated RF signal is applied at
the input of the FPD or TPD and equalization procedure
could then be avoided. This is consistent with theoretical
results in the case of TPD since 𝛼 = 90

∘ and amplitude
symmetry stated in (5) are almost verified between 2.7GHz
and 2.9GHz but this is quite unexpected in the case of
the FPD. Indeed, good 𝐼OUT(𝑡)/𝑄OUT(𝑡) amplitude balance
is obtained from 3.2GHz to 3.4GHz while 𝛼 is beyond 110∘
and high amplitude imbalance is measured between V

3
(𝑡),

V
4
(𝑡), and V

5
(𝑡) as shown in Figure 4. This point is still under

investigation as correct operation of the 𝐼/𝑄 regeneration
circuit was verified by applying 3 low frequency voltages at
its inputs and measuring quasi null output voltages at 𝐼OUT
and 𝑄OUT (cf. Figure 2).

5.2. DC Offsets and IMD2 Suppression. As was mentioned
in Section 3, the use of the 𝐼/𝑄 regeneration circuit allows
DC offsets and IMD2 products to be suppressed if voltages
V
3
(𝑡), V
4
(𝑡), and V

5
(𝑡) have same amplitude which is stated in

(5). In order to verify this property, we measured the ratio
between the DC offsets component and the desired signal
at the three outputs of the FPD and TPD and then at the
outputs of the 𝐼/𝑄 regeneration circuit when connected to
both architectures. The measurement setup is the same as
for the 𝐼/𝑄 amplitude and phase imbalance determination;
that is, two CW signals with Δ𝑓 = 10 kHz separation
were applied to the circuit with RF and LO power equal to
−25 dBm and 5 dBm, respectively, while the output voltages
were measured bymeans of an oscilloscope. From Figure 7, it
is clearly evident that the FPD shows much higher DC offsets
compared to the TPD and IQD, which was predictable due
to the use of double balancedmixers with LO-to-RF isolation
above 30 dB in the TPD. When the 𝐼/𝑄 regeneration circuit
is connected to the FPD, DC offsets suppression is equal to
10 dB on average while in the case of the TPD, it is slightly
degraded (6 dB) because of the DC offsets originating from
the 𝐼/𝑄 regeneration circuit that sum up with the negligible
amount of DC offsets generated by the mixers. Nevertheless,
residual DC offsets are lower in the TPD compared to the
FPD but higher than in IQD since the latter obviously does
not make use of any 𝐼/𝑄 regeneration circuit.

For the IMD2 products suppression test, we considered a
2.8001GHzCWdesired signal combinedwith two interfering
tones separated from each other by 200 kHz around 2.7GHz,
that is, at 2.7 GHz and 2.7002GHz, respectively, while LO
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frequency was set to 2.8GHz. Hence, the desired down-
converted signal was located at 100 kHz and the IMD2
product component due to mixing of the two interfering
tones could be observed at 200 kHz.

In order to evaluate the benefits of the 𝐼/𝑄 regenera-
tion circuit, power of the desired useful signal (𝑃US) was
compared with power of the IMD2 products (𝑃IMD2) for
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Figure 7: Measured DC offsets suppression performance for FPD
and TPD and at the outputs of the 𝐼/𝑄 regeneration circuit (𝑃LO =

5 dBm, 𝑃RF = −25 dBm, and Δ𝑓 = 10 kHz).

the FPD and TPD alone and then with the 𝐼/𝑄 regeneration
circuit connected as the power of the interfering tones (𝑃adj)
increases. Figure 8 shows the measured results for 𝑃LO =

5 dBm, 𝑃RF = −35 dBm, and 𝑃adj varying from −25 dBm
to 15 dBm. For the FPD, the use of the 𝐼/𝑄 regeneration
circuit allows 11–22 dB improvement of the rejection of the
IMD2 product in the 𝐼 output and 10–14 dB in the 𝑄 output.
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Figure 8: Measured IMD2 products suppression performance
versus adjacent channel power 𝑃adj of two interfering signals around
2.8GHz for FPD andTPD and at the outputs of the 𝐼/𝑄 regeneration
circuit (𝑃LO = 5 dBm and 𝑃RF = −35 dBm) connected to both
architectures.

In the case of the TPD, the enhancement is 4−12 dB and
6–13 dB in 𝐼 and 𝑄 output, respectively. The moderate
improvement in this case compared to FPD is owing to the
use of balanced mixers that exhibit less IMD2 products than
diode detectors. This feature also explains the higher ratio
between 𝑃US and 𝑃IMD2 for TPD than for FPD. Indeed, 𝑃US-
𝑃IMD2 is 10–16 dB and 11–23 dB higher, respectively, in the 𝐼
and 𝑄 output of the TPD compared to FPD. The advantage
of the TPD over the IQD is also evident since 𝑃US-𝑃IMD2 is
4–30 dB better in both 𝐼 and 𝑄 paths. More interesting is the
fact that the benefit of the 𝐼/𝑄 regeneration circuit is even
more noticeable as 𝑃adj is increased. Indeed, performance of
the IQD collapses with 𝑃US-𝑃IMD2 < 0 dB when 𝑃adj exceeds
0 dBm while for the TPD the ratio 𝑃US-𝑃IMD2 is still equal to
10 dB even when 𝑃adj = 15 dBm.

5.3. Noise Figure and Sensitivity. Noise figure (NF) was deter-
mined by the Y-factor method that is the basis of most
noise figure measurements whether they are manual or
automatically performed by a noise figure analyzer. Using a
noise source, this method allows the determination of the
internal noise generated within the FPD, TPD (with 𝐼/𝑄

regeneration circuit connected), or IQD and therefore, NF or
effective input noise temperature of each architecture. With
the noise source connected to the RF input of FPD, TPD,
or IQD, the output power can be measured when the noise
source is turned “on” and “off” and the ratio of these two
powers is called the Y-factor. The Rohde & Schwarz FSIQ40
spectrum analyzer was used to measure the Y-factor.

Table 1: Conversion gain (CG), noise figure (NF), and theoretical
and measured minimum detectable signal (MDS) for FPD, TPD,
and IQD architectures @𝑓 = 2.8GHz for BER = 10

−3 (1Msps 0.35
SQRRC-filtered QPSK modulated RF signal with AWGN).

CG
(dB)

NF
(dB)

MDS
theoretical
(dBm)

MDS
measurement

(dBm)
Power Detector + Combiner −11 32 — —
Mixer 10 12 — —
FPD −15 34 −63 −50
TPD 12 17 −80 −74
IQD 8 14.6 −82.6 −76.5

Once NF is determined, theoretical sensitivity or mini-
mum detectable signal (MDS) can be calculated by using the
following relation for a given signal-to-noise ratio (SNR):

MDS (dBm) = −173.8 (dBm
Hz

) + 10 log (𝐵)

+NF (dB) + SNR (dB) ,
(8)

where 𝐵 is the occupied bandwidth of the RF modulated
signal and SNR = 𝐸

𝑏
/𝑁
0
= 6.8 dB for a quadrature phase

shift keying (QPSK) modulation with optimal filtering. 𝐸
𝑏
is

the energy per bit and𝑁
0
is the noise power spectral density.

Then, MDS was measured experimentally by considering
a 2.8GHz QPSK modulated RF signal with symbol rate 1
Msps and square-root raised cosine (SQRRC) filtering (roll-
off factor = 0.35); that is, 𝐵 = 1.35MHz occupied bandwidth.
Additive white gaussian noise (AWGN) occupying the same
1.35MHz bandwidth was superimposed to this signal and
MDS was determined as the power of the RF modulated
signal corresponding to a given bit-error-rate (BER = 10−3).
In practice, RF signal power was increased in order to
improve the SNR until BER drops to 10−3. The Agilent
E4432B synthesizer was used for RF modulated signal and
AWGN generation. A Spectrum MI3033 12-bit data acqui-
sition (DAQ) card was used for sampling of the outputs of
the 𝐼/𝑄 regeneration circuit connected to FPD and TPDwith
8MHz sampling frequency corresponding to over sampling
ratio (OSR) equal to 8. Table 1 compares conversion gain
(CG), NF, and theoretical and measured MDS for FPD, TPD,
IQD, and power detectors with combiners and mixers. The
discrepancy between theoretical andmeasuredMDS values is
probably due to quantization noise of the ADCs of the DAQ
card. In any case,measuredMDS is 24 dB higher in the case of
TPD compared to FPD and so the TPD architecture is clearly
much better-suited to deal withweak RF signals. On the other
hand, IQD shows 2.6 dB better sensitivity than TPD, which
was predictable as TPD uses 3 mixers instead of 2 and due to
losses in the cables that create the desired phase shifts in TPD.
However, the advantage of TPD over IQD lies in its ability to
present approximately 20 dB better sensitivity in the presence
of strong adjacent interferers (which corresponds to a much
realistic situation in practice), as was shown in [31].
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Figure 9: Baseband spectrum at the output of the 𝐼/𝑄 regeneration
circuit (𝐼 path) for FPD, TPD, and IQD after downconversion of
three RF carriers @2GHz, 2.4GHz, and 2.8GHz to DC and 40MHz
and 80MHz.

5.4. RF Carrier Aggregation. FPD and TPD architectures
used in conjunction with the 𝐼/𝑄 regeneration circuit have
strong potential to operate in the presence of several RF non-
contiguous aggregated carriers. This feature is particularly
interesting for future LTE-advanced (LTE-A) cellular com-
munications. The basic idea is to transpose N discontinuous
RF carriers to nonoverlapping frequencies at baseband, that
is, DC and N-1 low IF frequencies with a single receiver. In
our experiment, three 20MHz bandwidth SQRRC-filtered
(roll-off factor = 0.35) QPSK modulated signals centered
at 2GHz, 2.4GHz, and 2.8GHz were down-converted to
baseband at DC, 40MHz, and 80MHz, respectively, by
using a unique FPD or TPD [32, 33]. These signals were
synthesized by using Agilent EXG N5172B and two Agilent
E8267D vector signal generators with −30 dBm RF power
while aggregation was performed with the help of an Anaren
43020 3-way power combiner.The corresponding LO signals,
whichwere delivered byAgilent E4431B, E4432B, andAnritsu
MG3691B signal generators were tuned to 2GHz, 2.36GHz,
and 2.72GHz with 0 dBm power level. Figure 9 shows the
spectrum at the output of the 𝐼/𝑄 regeneration circuit for the
FPD and TPD in the 𝐼 path. For comparison, the 𝐼 path of
the IQD is also plotted. The three baseband signals can be
clearly identified for each architecture and better sensitivity
of TPD and IQD over FPD is also visible due to the use of
active mixers instead of power detectors.

Figure 10 shows measurement of error vector magnitude
(EVM) versus input power of signal for two 100 kHz band-
width SQRRC-filtered (roll-off factor = 0.35) QPSK carriers
at 2.4GHz and 2.8GHz demodulated around 100 kHz and
300 kHz, respectively.The data frame that is received is made
of a 16 symbol constant amplitude zero auto correlation

EV
M

 (d
B)

−85 −80 −75 −70 −65 −60 −55 −50 −45 −40
−50

−45

−40

−35

−30

−25

−20

−15

−10

−5

Input RF power (dBm)

Figure 10: EVMversus RF input power of two 100 kHz 0.35 SQRRC-
filtered QPSK modulated carriers @2.4GHz and 2.8GHz for FPD,
TPD, and IQD.

(CAZAC) training sequence followed by pseudo random
(PN9) useful data.

For a given EVM value of −20 dB (or 10%), the corre-
sponding power level of each of the RF carriers centered
at 2.8 GHz is −41 dBm for the FPD, −70 dBm for the TPD,
−64.5 dBm for the IQD, and −57 dBm for the IQD showing
mismatch between its mixers. Thus, at least 5 dB higher sen-
sitivity of the TPD over IQD is measure, which demonstrates
the stronger potential of TPD in the presence of several RF
noncontiguous aggregated carriers. Also, sensitivity of the
IQD to mismatch is highlighted as 7.5 dB loss in sensitivity
that is measured for the IQDwith unmatchedmixers. Finally,
23–30 dB lower sensitivity of the FPD compared to the
two other architectures confirms the results of Table 1 for
the MDS. Figure 11 shows the constellation diagrams cor-
responding to the measurement results plotted in Figure 10
for two −60 dBm QPSK carriers at 2.4GHz and 2.8GHz
demodulated around 100 kHz and 300 kHz, respectively, for
FPD, TPD, and IQD. For the latter, the mixer pair showing
good matching was used.

In accordance with measured EVM results for RF power
levels as low as −60 dBm, demodulation cannot be effectively
performed by the FPD as QPSK constellation shape is
not even discernible (EVM = −2.5 dB). Also, the measured
symbols at the sampling instants (corresponding to red
points in Figure 11) are far from their theoretical location.
On the other hand, TPD and IQD architectures successfully
recover the received data as the signal trajectories in the
𝐼 − 𝑄 plane clearly show the QPSK constellation diagram
and the sampled symbols are located in the vicinity of their
respective ideal location. For −60 dBm RF signals, measured
EVM is approximately −31 dB for TPD and −25 dB for IQD.
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Figure 11: Constellation diagrams corresponding to the demodulation of of two −60 dBm QPSK modulated carriers @2.4GHz and 2.8GHz
for FPD, TPD, and IQD.

Indeed, a closer look at the constellation diagrams reveals
more overshoot of the signal trajectory and scattering of
the sampled symbols in the case of IQD (cf. Figure 11(e))
compared to TPD. Table 2 summarizes the performance of
FPD, TPD, and IQD architectures.

6. Conclusions

In this paper, a comparison between performance of a
five-port demodulator (FPD), a three-phase demodulator
(TPD), and an 𝐼/𝑄 demodulator (IQD) was carried out.
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Table 2: Performance summary of FPD, TPD, and IQD architectures @2.8GHz.

FPD TPD IQD
CG (dB) −15 12 8
DC offsets suppression (dB) −10 6 —
Residual DC/signal (dB) 9.5–17.5 6–12 <−20
IMD2 products suppression (dB) 10–22 4–13 —
Residual IMD2/signal (dB), 𝑃RF = −35 dBm, 𝑃adj = 15 dBm 2–13 −10 20
NF (dB) 34 17 14.6
MDS (dBm) (single carrier) −50 −74 −76.5
𝑃RF @2.8GHz for EVM = −20 dB (2 aggregated carriers) −41 −70 −64.5
Power consumption (W) 0 1.8 (12V, 150mA) 1.2 (12V, 100mA)

FPD and TPD architectures have been measured with a
so-called baseband 𝐼/𝑄 regeneration circuit connected to
their outputs. This circuit not only allows reduction of the
number of ADCs from three to two but it also permits
DC offsets and IMD2 products suppression. Residual DC
offsets and IMD2 products are lower in the case of TPD
compared to FPD. Nevertheless, residual DC offsets are
higher for TPD compared to IQD due to the use of the
𝐼/𝑄 regeneration circuit that creates DC offsets of its own.
Also, noise figure (NF) and sensitivity are much better
for TPD and IQD. This superiority is not surprising since
active balanced mixers show higher performance than diode
detectors in every characteristic (conversion gain, DC offsets
and IMD2 generation, and NF). Although better sensitivity
of IQD is measured in the case of demodulation of a single
RF carrier, previous works showed that TPD sensitivity
surpasses IQD performance when adjacent interferers are
present, which constitutes amuchmore realistic encountered
radio environment in practice. Finally, demodulation of
three noncontiguous aggregated RF carriers shows superior
performance of the TPD over IQD, through EVM and
constellation diagrams measurements. These experimental
results tend to present TPD architecture as a potential can-
didate for future long term evolution (LTE-A) as RF carrier
aggregation is one of themain features of this communication
standard.
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FR2934934 (A1), 2012.

[28] A. Khy and B. Huyart, “A 0.6—3. 6GHz CMOS wideband
demodulator for 4G mobile handsets,” in Proceedings of

the European Microwave Integrated Circuits Conference, pp.
560–563, 2012.

[29] B. Razavi, “Design considerations for direct-conversion receiv-
ers,” IEEE Transactions on Circuits and Systems II, vol. 44, no. 6,
pp. 428–435, 1997.

[30] G. Neveux, B. Huyart, and J. Rodriguez Guisantes, “Noise figure
of a five-port system,” in Proceedings of the European Conference
on Wireless Technology (ECWT ’02), 2002.

[31] K. Mabrouk, F. R. de Sousa, B. Huyart, and G. Neveux, “Archi-
tectural solution for second-order intermodulation intercept
point improvement in direct down-conversion receivers,” IET
Microwaves, Antennas and Propagation, vol. 4, no. 9, pp. 1377–
1386, 2010.

[32] A. Kaissoine, B. Huyart, A. Mbaye, and K. Mabrouk, “Demod-
ulation of aggregated RF signals with a unique Rx chain,” in
Proceedings of New Circuits and Systems (NEWCAS ’13), pp. 1–4,
Paris, France, June 2013.

[33] A. Kaissoine, B. Huyart, and K. Mabrouk, “Demodulation of
aggregated RF signals in three frequencies bands with a unique
Rx chain,” inProceedings of the EuropeanMicrowave Conference,
pp. 561–564, Nuremberg, Germany, October 2013.



Research Article
Six-Port-Based Architecture for Phase Noise
Measurement in the UWB Band

J. M. Ávila-Ruiz, A. Moscoso-M=rtir, E. Dur=n-Valdeiglesias, L. Moreno-Pozas,
J. de-Oliva-Rubio, and I. Molina-Fern=ndez
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A six-port-based frequency discriminator for phase noise measurement is proposed. This circuit makes use of a delay line
discriminator configuration, thus not requiring reference oscillator. Furthermore, the use of a six-port network allows an extremely
simple and completely passive solution well suited for low power oscillator measurement. A detailed study of the architecture
is performed including the system noise sources. Besides, a prototype of the proposed six-port based delay line frequency
discriminator is evaluated. Phase noise measurements of a commercial RF VCO are performed and compared with the results
obtained with commercial metrology equipment with good agreement.

1. Introduction

The high data rate transmission requirements of current
radiofrequency standards demand efficient and robust mod-
ulation techniques. One of these modulation techniques
is Orthogonal Frequency Division Multiplexing (OFDM),
which is widely used in wireless communications due to
its good performance against noise and multipath effects.
On the other hand, OFDM receivers are very sensitive to
local oscillator phase noise, which produces adjacent channel
crosstalk due to reciprocal mixing [1, 2]. This adjacent chan-
nel crosstalk increases bit error rate (BER) [3, 4]. Phase noise
effects in radiofrequency communications are the reasonwhy
feedback systems, such as phase locked loops (PLL), have
been used for phase noise reduction for 80 years [5, 6].
Moreover, a great amount of new on chip low noise oscillators
designs are carried out every year [7, 8].

An outstanding issue, as important as the design of low
phase noise oscillators, is the accurate measurement of their
phase noise. Modern oscillators with low phase noise level
require metrology systems with even more demanding spec-
ifications as well as measurement methods to compensate
their limitations [2, 9]. Severalmethods have been defined for
phase noise measurement, depending on the characteristics
of the system to be measured. As a main distinction, these

methods can be first classified depending on whether they
require a reference oscillator or not. This differentiation is
important, since reference oscillator phase noise will increase
the noise floor of the measurement system. In order to
increase the instrument sensitivity, ultralow phase noise
reference oscillators are needed.Therefore, high performance
systems that rely on reference oscillators are more expensive
than other instrument systems.

The group of phase noise measurement techniques that
make use of a reference oscillator comprises the direct
spectrum measurement and the PLL techniques. The direct
spectrum measurement is the most straightforward method
(Figure 1(a)). The spectrum of the oscillator under test,
from now on the device under test (DUT), can be directly
measured with a spectrum analyzer or previously down-
converted to an intermediate frequency (IF) using a reference
oscillator and a mixer.The PLL method makes use of a mixer
as a phase detector (Figure 1(b)).Then, the output of the phase
detector is low-pass-filtered to eliminate the higher frequency
terms, retaining only the baseband component. The phase
noise of the DUT is extracted from the spectrum of the low-
pass filtered output. In this method, a PLL is needed to lock
the reference oscillator to the oscillator under test.

The need of a reference oscillator is removed by the
second group of phase noise measurement methods, which
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Oscillator
under test

LPF

Baseband
analyzer

Phase
detector

LNA

Delay line

Power
splitter

Phase
shifter

Figure 2: Delay line frequency discriminator method.

make use of a frequency discriminator. The most used one is
the delay line frequency discriminator. A typical phase noise
measurement system based on a delay line discriminator
is shown in Figure 2. This method makes use of a mixer-
based phase detector, as in the aforementioned PLL method.
However, in this architecture, theRF signal from the oscillator
under test is compared in the phase detector with a delayed
version of itself. A phase shifter must be included in order
to keep the quadrature condition between both signals at the
phase detector inputs [10]. Even though this method gets rid
of the reference oscillator, it has an important drawback: the
complex circuitry needed to control the phase shifter and
keep the system into the quadrature condition.

Recently, a new architecture for phase noisemeasurement
based on delay line discriminator has been proposed [11].
In this circuit, a dual phase detector architecture and a 90-
degree hybrid allow the detection of the phase noise from the
in-phase and quadrature (𝐼/𝑄) signal components without
quadrature adjustment. Even though this architecture needs
neither reference oscillator nor quadrature adjustment cir-
cuitry, it has an important disadvantage: its input-referred
phase noise floor considerably increases at lower input power
levels [11]. A good solution to improve the phase noise
measurement of this new architecture is the utilization of a
six-port demodulator (see Figure 3). Six-port demodulators

can work with low input power levels and their calibration
has been widely studied [12]. The six-port architecture has
been previously implemented in [13], forW-band phase noise
measurements, but using a reference oscillator, obtaining
good accuracy in phase noise measurement of one-port and
two-port systems.

The architecture proposed in this work makes use of the
idea of dual 𝐼/𝑄 phase noise detection based on a delay line
discriminator [11] and the six-port architecture used in [13]
in order to implement a compact phase noise measurement
system. This architecture uses neither reference oscillator
nor a phase shifter for quadrature adjustments. Moreover,
the existence of powerful calibration strategies for six-port
demodulators [12] and their good performance for low input
power levels make the use of this structure advantageous
against traditional mixers.

The rest of this paper is organized as follows. In Section 2,
the six-port-based delay line discriminator architecture is
described. In Section 3, the noise contributions and their
effects are detailed. In Section 4, measurement setup and
results are discussed. Finally, Section 5 is devoted to conclu-
sions.

2. The Six-Port-Based Delay
Line Discriminator

The proposed phase noise measurement architecture unifies
the delay line method with the use of a six-port demodulator
as a phase detector to measure the phase noise from the in-
phase and quadrature signal components.The block diagram
of the six-port-based delay line discriminator is shown in
Figure 4. This figure includes the noise sources, 𝑛2, referred
to the detector output, which will only be used in the noise
analysis carried out in Section 3.

In order to analyze the system response in the phase noise
detection, a RF input signal is considered. The time-domain
signal is

V
𝑖𝑛 (𝑡) = 𝑉

0 (1 + 𝑟 (𝑡)) ⋅ cos (𝜔0𝑡 + 𝜙 (𝑡)) , (1)

where 𝜙(𝑡) is the phase noise, 𝑟(𝑡) is the amplitude noise, 𝑉
0

is the rms voltage, and 𝜔
0
is the microwave carrier frequency.

Using phasor nomenclature, the rms complex envelope from
(1) is

Ṽ
𝑖𝑛 (𝑡) = 𝑉

0 (1 + 𝑟 (𝑡)) ⋅ 𝑒
𝑗𝜙 (𝑡)

. (2)

The relation between the time-domain signal and the
complex envelope is

V
𝑖𝑛 (𝑡) = R𝑒 {Ṽ

𝑖𝑛 (𝑡) ⋅ 𝑒
𝑗 𝜔
0
𝑡
} . (3)

Assuming that 𝜙(𝑡) and 𝑟(𝑡) are ergodic noise signals, and
knowing that 𝑟(𝑡) is very small compared with 𝑉

0
, the power

of the RF signal is

𝑃
𝑖𝑛
= Ṽ
𝑖𝑛 (𝑡) Ṽ𝑖𝑛

∗
(𝑡) =

Ṽ𝑖𝑛 (𝑡)

2
=
𝑉0


2
. (4)

Now that the input signal has been defined, the six-port
based delay line discriminator will be analyzed. In Figure 4,



Journal of Electrical and Computer Engineering 3

Power
splitter

hybrid

Phase
detector

Phase
detector

Six-port

In1

In2

In1

In2
90

∘

I

I

Q Q

+

+

−

−

Figure 3: Equivalence between [11] mixer architecture and classical six-port.

Oscillator
under test

Delay line

Power
splitter Six-port recovering

Phase
calc.

Sampling and
digital processing

I − Q

I(t)

Q(t)

𝜓(t)

n
2

n
2

n
2

n
2

𝛽

𝛽

𝛽

𝛽

(t)

(t)

(t)

(t)

�o1(t)

�o3(t)

�o4(t)

�o2(t)

(t)

(t)
(t)

Pin

𝜏

�̃A

�̃1

�̃2

�̃3

�̃4

�̃B

�̃in

Figure 4: Six-port-based delay line discriminator architecture.

it can be seen that the input RF signal is equally split in two
halves. One half travels through a delay line before being fed
in one of the inputs of the six-port receiver and the other one
is directly sent to the second input of the receiver. If an ideal
3 dB power splitter and a lossless delay line are assumed, the
time-domain complex envelopes at the six-port inputs are

Ṽ
𝐴 (𝑡) =

Ṽ
𝑖𝑛 (𝑡)

√2
,

Ṽ
𝐵 (𝑡) =

Ṽ
𝑖𝑛 (𝑡 − 𝜏) ⋅ 𝑒

−𝑗𝜔
0
𝜏

√2
,

(5)

where 𝜏 is the delay of the line. For the sake of simplicity, the
product 𝜔

0
𝜏 is defined as 𝜙

0
. This phase shift depends on the

carrier frequency and is constant as long as𝜔
0
keeps constant.

As the carrier frequency changes, this phase shift will change
with a period of 1/𝜏Hertz.

For the six-port block, an ideal passive network with
four 90-degree hybrids and a 90-degree phase shift is used
[14]. Therefore, insertion loss of 6 dB per path is considered
and all 𝑆

𝑖𝑗
are balanced in amplitude and phase. With these

assumptions, the signals at the six-port outputs are

Ṽ
1 (𝑡) =

1

2
⋅ (Ṽ
𝐴 (𝑡) + Ṽ

𝐵 (𝑡)) , (6)

Ṽ
2 (𝑡) =

1

2
⋅ (Ṽ
𝐴 (𝑡) − Ṽ

𝐵 (𝑡)) , (7)

Ṽ
3 (𝑡) =

1

2
⋅ (Ṽ
𝐴 (𝑡) + 𝑗 ⋅ Ṽ𝐵 (𝑡)) , (8)

Ṽ
4 (𝑡) =

1

2
⋅ (Ṽ
𝐴 (𝑡) − 𝑗 ⋅ Ṽ𝐵 (𝑡)) . (9)

Using the concept of centers of the six-port architecture,
𝑞
𝑖
= −𝑆
𝑖2
/𝑆
𝑖1
[15], all expressions, (6) to (9), can be written

together as

Ṽ
𝑖 (𝑡) =

1

2
⋅ (Ṽ
𝐴 (𝑡) − 𝑞𝑖 ⋅ Ṽ𝐵 (𝑡)) , for 𝑖 = 1 ⋅ ⋅ ⋅ 4, (10)

where the centres are 𝑞
1
= 1, 𝑞

2
= −1, 𝑞

3
= 𝑗 and 𝑞

4
= −𝑗.

The instantaneous voltage of each output is obtained from
a diode power detector. Assuming square law detectors, the
voltage at each power detector output is

V
𝑜𝑖 (𝑡) = 𝛽 ⋅ 𝑃

𝑖
= 𝛽 ⋅

Ṽ𝑖 (𝑡)

2

=
1

4
⋅
Ṽ𝐴 (𝑡) − 𝑞𝑖 ⋅ Ṽ𝐵 (𝑡)


2
, for 𝑖 = 1 ⋅ ⋅ ⋅ 4,

(11)

where 𝛽 is the power detector sensitivity and 𝑃
𝑖
is the

instantaneous power at the input of the detector 𝑖. It is
supposed that the four detectors are identical; hence the same
𝛽 is assumed for all of them. Equation (11) can be rewritten as

V
𝑜𝑖 (𝑡) =

Ṽ𝐵 (𝑡)

2

4
⋅ 𝛽 ⋅


Γ̃ (𝑡) − 𝑞𝑖



2

, for 𝑖 = 1 ⋅ ⋅ ⋅ 4, (12)
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where Γ̃(𝑡) is a complex variable that relates the two input
signals of the six-port, analogous to the received symbol in
classical six-port based 𝐼/𝑄 receivers [16]. This variable has
the phase noise information in its phase as it can be seen in
the following definition of Γ̃(𝑡):

Γ̃ (𝑡) =
Ṽ
𝐴 (𝑡)

Ṽ
𝐵 (𝑡)

=
1 + 𝑟 (𝑡)

1 + 𝑟 (𝑡 − 𝜏)
⋅ 𝑒
𝑗(𝜓(𝑡)+𝜙

0
)
, (13)

where 𝜓(𝑡) is the instantaneous phase of Γ̃(𝑡). For very small
𝜏, 𝜓(𝑡) is proportional to the derivative of the input phase
noise:

𝜓 (𝑡) = 𝜙 (𝑡) − 𝜙 (𝑡 − 𝜏) ≈
𝑑𝜙 (𝑡)

𝑑𝑡
𝜏. (14)

If (12) is operated, knowing that |𝑞
𝑖
|
2

= 1 for all 𝑖,
the expression of the four outputs of the power divider is
obtained:

V
𝑜1 (𝑡) =

Ṽ𝐵 (𝑡)

2

4
⋅ 𝛽 ⋅ (1 +


Γ̃ (𝑡)



2

+ 2 ⋅R𝑒 {Γ̃ (𝑡)}) ,

V
𝑜2 (𝑡) =

Ṽ𝐵 (𝑡)

2

4
⋅ 𝛽 ⋅ (1 +


Γ̃ (𝑡)



2

− 2 ⋅R𝑒 {Γ̃ (𝑡)}) ,

V
𝑜3 (𝑡) =

Ṽ𝐵 (𝑡)

2

4
⋅ 𝛽 ⋅ (1 +


Γ̃ (𝑡)



2

− 2 ⋅I𝑚{Γ̃ (𝑡)}) ,

V
𝑜4 (𝑡) =

Ṽ𝐵 (𝑡)

2

4
⋅ 𝛽 ⋅ (1 +


Γ̃ (𝑡)



2

+ 2 ⋅I𝑚{Γ̃ (𝑡)}) .

(15)

These outputsmust be combined in order to obtain scaled
versions of the in-phase and quadrature components of Γ̃(𝑡):

𝐼 (𝑡) = V
𝑜1 (𝑡) − V

𝑜2 (𝑡) =
Ṽ𝐵 (𝑡)


2
⋅ 𝛽 ⋅R𝑒 {Γ̃ (𝑡)}

=
𝑃
𝑖𝑛

2
⋅ 𝛽 ⋅R𝑒 {Γ̃ (𝑡)} ,

(16)

𝑄 (𝑡) = V
𝑜4 (𝑡) − V

𝑜3 (𝑡) =
Ṽ𝐵 (𝑡)


2
⋅ 𝛽 ⋅I𝑚{Γ̃ (𝑡)}

=
𝑃
𝑖𝑛

2
⋅ 𝛽 ⋅I𝑚{Γ̃ (𝑡)} ,

(17)

𝜂 (𝑡) = 𝐼 (𝑡) + 𝑗 ⋅ 𝑄 (𝑡) =
𝑃
𝑖𝑛

2
⋅ 𝛽 ⋅ Γ̃ (𝑡) , (18)

where 𝜂(𝑡) is a complex variable proportional to Γ̃(𝑡) depicted
in the complex plane in Figure 5. As the phase noise is
measured from the phase shift of 𝜂(𝑡) and the amplitude noise
only affects the module of this variable, as seen in (13), the
phase noise measurement is independent of the AM noise of
the DUT.

The phase in both complex variables, 𝜂(𝑡) and Γ̃(𝑡), is the
same, as shown in (18). Thus, it is straightforward to obtain
the phase noise information from the phase of 𝜂(𝑡):

∢𝜂 (𝑡) = 𝜓 (𝑡) + 𝜙0 = 𝜙 (𝑡) − 𝜙 (𝑡 − 𝜏) + 𝜙0. (19)
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Figure 5: Complex plane representation of the complex variable
𝜂(𝑡).

If the DC component of (19), 𝜙
0
, is eliminated, a time

variant phase signal is measured. This phase signal is pro-
portional to the frequency fluctuations at the system input
and can be represented in the frequency domain as a power
spectral density:

𝑆
𝜓𝜓

(𝑓) = PSD (𝜓 (𝑡)) . (20)

From (14), a relation between the power spectral density
of𝜓(𝑡) and the power spectral density of the phase noise,𝜙(𝑡),
is obtained:

𝑆
𝜙𝜙
(𝑓) =

𝑆
𝜓𝜓

(𝑓)

1 − 𝑒
−𝑗𝜔𝜏
2
, (21)

where 𝜔 is the angular frequency deviation from the RF
carrier frequency and 𝑆

𝜙𝜙
(𝑓) is the power spectral density of

the phase fluctuations, 𝜙(𝑡). This relation can be simplified
for 𝜔𝜏 ≪ 1. In this case, the exponential in (21) can be
approximated by the first Taylor series expansion term; that
is, 𝑒−𝑗𝜔𝜏 ≅ 1 − 𝑗𝜔𝜏, becoming

𝑆
𝜙𝜙
(𝑓) =

𝑆
𝜓𝜓

(𝑓)

2𝜋𝑓𝜏

2
. (22)

As can be seen in (22), the RF frequency variations in
the system input can be detected in the six-port delay line
discriminator output. In fact, the time-domain variation of
the detected phase signal (∢𝜂(𝑡)) is proportional to the time-
domain frequency variations of the RF oscillator under test.
Thanks to the relation between phase and frequency, it is
easy to obtain the phase fluctuations at the input from these
frequency variations. The previous analysis has been carried
out assuming lossless blocks. However, following [16], it can
be shown that, assuming well balanced couplers and dividers,
element losses do not affect the phase of 𝜂(𝑡). Amore detailed
analysis must be done if the imbalances of the different
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elements in the discriminator architecture are considered.
Moreover, as it will be shown in Section 3, the losses of
the system increase the noise floor of the system, partially
degrading the sensitivity of this measurement method.

3. Noise Analysis

Although in the previous section the effects of the internal
noise sources of the measurement setup have not been
considered, this noise is an important factor to take into
account. The internal noise limits the measurement system
noise floor. The measurement system is passive, with the
exception of the amplifiers used after the power detection
and the digital processing circuitry. Therefore, two different
noise sources are included in the analysis, depending on the
noise origin: (i) the noise from the power detector (diode
plus detection circuitry) and (ii) the noise generated in the
data acquisition system. The rest of the noise sources (i.e.,
thermal noise due to losses in couplers and dividers) are
negligible because at these components signal level is well
over its thermal noise floor. All the noise sources are referred
to the power detector output, as seen in Figure 4, and their
spectral power density is measured in V2/Hz. Since both
internal noises are uncorrelated, the total internal noise at
each detector output is

𝑛2
𝑇,𝑖
= 𝑛2DAQ, 𝑖 + 𝑛

2

PD, 𝑖, for 𝑖 = 1 ⋅ ⋅ ⋅ 4, (23)

where 𝑛2DAQ ,𝑖 is the noise from each data acquisition channel
and 𝑛2PD, 𝑖 is the noise from each detection block. So, if the
internal noise is included in the analysis, the signals at the
detectors outputs are

V
𝑜𝑖 (𝑡) =

𝑃
𝑖𝑛

8
⋅ 𝛽 ⋅ (1 +


Γ̃ (𝑡)



2

− 2 ⋅R𝑒 {𝑞
∗

𝑖
⋅ Γ̃ (𝑡)})

+ 𝑛
𝑇,𝑖 (𝑡) , for 𝑖 = 1 ⋅ ⋅ ⋅ 4,

(24)

with 𝑞
𝑖
= 1, −1, 𝑗, −𝑗 for 𝑖 = 1 ⋅ ⋅ ⋅ 4, respectively. It is assumed

that the noise signals at every detector output are identical
and uncorrelated; that is, 𝑛2

𝑇,𝑖
= 𝑛2 for all 𝑖. The in-phase and

quadrature components of 𝜂(𝑡) defined in (16) and (17) are
rewritten as

𝐼 (𝑡) =
𝑃
𝑖𝑛

2
⋅ 𝛽 ⋅R𝑒 {Γ̃ (𝑡)} + √2 ⋅ 𝑛 (𝑡) ,

𝑄 (𝑡) =
𝑃
𝑖𝑛

2
⋅ 𝛽 ⋅I𝑚{Γ̃ (𝑡)} + √2 ⋅ 𝑛 (𝑡) .

(25)

The noisy complex variable 𝜂
𝑛
(𝑡) is depicted in Figure 6.

It can be seen how the aforementioned internal voltage noise
sources, 𝑛(𝑡), generate a phase fluctuation 𝜓

𝑛
(𝑡) in the phase

of 𝜂
𝑛
(𝑡). With the assumption of small angle, the arc of

the angle 𝜓
𝑛
(𝑡) in the circumference of radius 𝜌 can be

approximated as√2 ⋅ 𝑛(𝑡). Finally, the phase shift introduced
by the internal noise is obtained calculating the angle of the
arc as

𝜓
𝑛 (𝑡) = ∢𝜂

𝑛 (𝑡) =
√2 ⋅ 𝑛 (𝑡)

(𝛽 ⋅ 𝑃
𝑖𝑛
) /2

. (26)
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Equation (26) can be expressed in power spectral densi-
ties as follows:

𝑆
𝜓
𝑛
𝜓
𝑛

(𝑓) = 𝑆
𝑛𝑛
(𝑓)

8

𝛽 ⋅ 𝑃𝑖𝑛

2
, (27)

where 𝑆
𝜓
𝑛
𝜓
𝑛

(𝑓) is the power spectral density of the phase
fluctuations of 𝜂

𝑛
(𝑡) due to the internal noise and 𝑆

𝑛𝑛
(𝑓) is the

power spectral density of the internal voltage noise referred
to the power detector output.

It can be seen from (27) that the noise contribution of the
system depends on the input power and the sensitivity of the
power detectors. Therefore, for higher input power level, the
influence of the internal noise decreases.

In order to know the limitations of the measurement
method, it is necessary to obtain the minimum discernible
value of phase noise at the system input, that is, the phase
noise floor.This noise floor can be calculated by referring the
power spectral density of the internal voltage noise, 𝑆

𝑛𝑛
(𝑓),

which is usually referred at the detector output (as seen
in Figure 4), to the system input. From (27), the relation
between the power spectral density of the voltage noise at the
detector output and the power spectral density of the phase
fluctuations, 𝑆

𝜓
𝑛
𝜓
𝑛

(𝑓), can be obtained.Then, with the help of
(22), the phase noise floor can be calculated as

𝑆
𝜙
𝑛
𝜙
𝑛

(𝑓) = 𝑆
𝜓
𝑛
𝜓
𝑛

(𝑓)
1

2𝜋𝑓𝜏

2
= 𝑆
𝑛𝑛
(𝑓)

8

𝛽 ⋅ 𝑃𝑖𝑛

2
⋅

1

2𝜋𝑓𝜏

2
,

(28)

where 𝑆
𝜙
𝑛
𝜙
𝑛

(𝑓) is the power spectral density of the input-
referred phase noise floor, 𝜙

𝑛
(𝑡).

As shown in (28), the phase noise floor at the mea-
surement system input can be improved in three ways: (i)
increasing the gain of the system by using a larger delay
line, with higher 𝜏; (ii) increasing the input power and the
sensitivity of the power detectors; and (iii) directly reducing
the internal noise. The following subsection will be devoted
to discussing the third option.

3.1. Internal Noise Reduction. As it is shown in (23), there
are two important sources of internal noise. On the one
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Figure 7: Power detection and baseband circuitry schematic.

hand, the noise generated in the data acquisition system
depends on the number of quantification bits, the internal
electronics, and the input voltage range.These characteristics
are determined for each digital acquisition system. On the
other hand, the noise generated by the power detection
and baseband circuitry can be minimized if a deep analysis
and a careful design and implementation of these blocks
are performed. The schematic of the power detection and
baseband circuitry used in this work is depicted in Figure 7.

The resistances 𝑅
𝑓
and 𝑅

𝑠
are the resistances of the

amplifier and they set the amplifier gain,𝐺.They are related as
𝑅
𝑓
= 𝑅
𝑠
⋅ (𝐺 − 1). For low frequencies, the matching network

at the power detector input, with a shorted stub, works as a
short circuit. Therefore, applying the operational amplifiers
topologies noise analysis [17], the voltage noise at the output
is

𝑛2PD = 4𝐾𝑇
0
(𝑅
𝑓
+ 𝑅
𝑉
𝐺)𝐺 + 𝑖

2

𝑛
((𝑅
𝑉
𝐺)
2
+ 𝑅
2

𝑓
) + (𝑒

𝑛
𝐺)
2
,

(29)

where 𝐾 is the Boltzmann constant, 𝑇
0
is the temperature

(in Kelvin), 𝑅
𝑉

is the video resistance of the diode, and
𝑖
2

𝑛
and 𝑒

2

𝑛
are the equivalent input current noise and the

equivalent input voltage noise of the amplifier, respectively.
If the approximation 𝑅

𝑓
≪ 𝑅
𝑉
𝐺 is fulfilled, (29) simplifies to

𝑛2PD ≅ 𝐺
2
⋅ (4𝐾𝑇

0
𝑅
𝑉
+ (𝑖
𝑛
𝑅
𝑉
)
2
+ 𝑒
2

𝑛
) . (30)

From (30), it can be concluded that there are two impor-
tant noise sources in this circuit (𝑛2PD): the diode detector
and the operational amplifier. The election of a diode with
a lower video resistance (𝑅

𝑉
) and the operational amplifiers

with low equivalent current and voltage noise is one of the
keys to minimize internal noise and, therefore, to reduce the
noise floor of the measurement setup.

4. Simulation and Measurement Results

Simulations with the design environment Advanced Design
System (ADS) from Agilent Technologies have been done.
For these simulations, each functional block has been mod-
eled depending on their nature. The power divider and
the six-port have been characterized by full-vectorial 3D
electromagnetic simulation using Ansys HFSS. In doing so,
their 𝑆 parameters have been calculated. Then, they have
been used to model both devices as multiport 𝑆 parameters
defined components intoADS circuit schematic. A 15 ns delay

Data acquisition board

Delay lineSix-port phase detector

Wilkinson

Oscillator
under test

Figure 8: Six-port-based delay line frequency discriminator proto-
type.

line (LabFlex290 coaxial cable) has been modeled from the
manufacturer 𝑆 parameters. These three blocks are passive
and linear so they are fully defined from their 𝑆 parameters.
For the rest of the blocks, diodes and amplifiers, ADSmodels
based on themanufacturer specifications have been used.The
diode model is based on HSCH-9161 zero bias diode from
Avago Tech. and the amplifier has been modeled from the
specifications of LMH6622 amplifier from Texas Instrument.

A prototype has been fabricated in order to assess the
simulated results, which is shown in Figure 8. The prototype
comprises a Wilkinson power splitter with 3.4 dB insertion
loss at 5GHz, a 3.779m LabFlex290 delay line from EMC-
RFLabs with a delay of 15 ns and 1.5 dB insertion loss at
5GHz, an ultrawideband six-port circuit with state-of-the-
art characteristics in amplitude and phase imbalance [14],
four power detector blocks that use a zero bias diode HSCH-
9161 from Avago Technologies, and an operational amplifier
LMH6622 fromTexas Instruments.The gain of the amplifiers
is set to 20 dB (10 V/V). The output of each power detector is
sampled and digitalizedwith a data acquisition boardNI-6115
from National Instruments.

After the digitalization, the signals from the power
detectors are processed with MatLab in order to obtain
the phase noise spectrum. A simplified diagram of the
mathematical process is shown in Figure 9. To take advantage
of the full dynamic range of the data acquisition board, two
measurements are done, with DC and AC coupling, in order
to get the DC component and the time-varying part of the
𝐼 (16) and 𝑄 (17) signals. From these two measurements, the
complete 𝐼/𝑄 signals are built and the subsequent complex
variable 𝜂(𝑡) is obtained from (18). From the phase of 𝜂(𝑡),
the power spectral density is calculated with (20) and the
phase noise power spectral density at the input is obtained
applying the FFT, as described in (22). The applied FFT uses
a rectangular window of 200ms and a frequency rate of
10MHz. These parameters are enough for the measurement
of phase noise between 100Hz and 1MHz from the RF
carrier. As the six-port junction imbalances are very low [14],
no calibration is required and the 𝐼/𝑄 signals are directly
obtained by subtracting the corresponding power readings,
as seen in (16) and (17).
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In this section, four measurements are shown. They
are compared with simulation, theoretical calculations, and
measurements using commercial instrumentation. The mea-
surements are (i) the static response of the system, (ii) the
internal noise, (iii) the dynamic response to a RF input
signal with a frequency modulation, and (iv) phase noise
measurement of a commercial RF oscillator.

4.1. Static Response. To characterize the static response, a
slow carrier frequency sweep, between 5 and 5.2GHz, is done.
This sweep is repeated for input powers between −10 dBm
and −4 dBm. The results of the 𝐼/𝑄 diagrams are shown in
Figure 10, for simulation andmeasurements. In both graphics
and for a concrete input power, an amplitude difference
between 𝐼 and 𝑄 components that flatten the 𝐼/𝑄 diagram
can be seen. Besides, the module of the circle is not constant
for different cycles. Both effects are because the system has
not been calibrated.

4.2. Internal Noise. The mathematical estimation of the
internal noise has been separated in two parts, one for the
power detector circuitry and one for the data acquisition
system. The noise of the data acquisition board depends
on the minimum voltage step, Δ𝑉, and this minimum step
depends at the same time on the quantification bits and the
voltage range of the board.Thedata acquisition boardNI-6115
uses 12 bits of quantification and its minimum input voltage
range is ±200mV, so

Δ𝑉 =
0.4

212
= 97.7 𝜇V. (31)

The specified noise spectral density in the sampling
board datasheet is (1.3 ⋅ Δ𝑉)2/𝑓

𝑠
, where 𝑓

𝑠
is the sampling

frequency. For NI-6115, 𝑓
𝑠
= 10MHz. Therefore, the board

noise level is −147.9 dBV/Hz.
Thepower detector circuitry noise is calculated from (30).

For this block, 𝑅
𝑓
= 680Ω and 𝑅

𝑠
= 33Ω resistances have
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been used in the amplifier in order to achieve a 20 dB gain.
The diode HSCH-9161 video resistance is 𝑅

𝑉
= 3 kΩ. The

internal noise sources of the amplifier are 𝑒
𝑛
= 1.6 nV/√Hz

and 𝑖
𝑛
= 1.5 pA/√Hz. From (30), the amplifier expected

added noise is −136.5 dBV/Hz. Thus, noise limit is set by the
power detector circuitry and can be estimated with (23) to a
value of −136.5 dBV/Hz approximately.

As it can be seen in Figure 11, the measured total noise,
at one data acquisition channel input, is 5 dB higher at
1 kHz (due to the effect of flicker noise) and 1 dB lower
than the theoretically expected for frequency offsets higher
than 100 kHz. The measured internal noise is approximately
−137.5 dBV/Hz for the four channels.

4.3. FM Demodulation. The dynamic characterization of the
system is done by the detection of a frequency modulated
RF signal. Using the N5181A vector signal generator from
Agilent Technologies, a carrier of 5GHz and −6 dBm is
modulated with a frequency modulation, 𝑓

𝑚
, of 30 kHz and

frequency deviation, Δ𝑓, of 100 kHz. This modulated RF
signal is introduced in the six-port delay line discriminator.
Since the main function of the system is the frequency
fluctuations detection, a phase shift signal,𝜓(𝑡), proportional
to the baseband signal is expected. This phase shift signal
is shown in Figure 12. It has a time period of 33 𝜇s, so its
frequency is 30 kHz as expected and its maximum phase
deviation, Δ𝜓, is ±9.7mrad.The proportionality factor of the
system is

2𝜋𝜏 = 94.25 rad/GHz. (32)

The calculation of the frequency deviation is as follows:

Δ𝑓 (MHz) =
Δ𝜓

(2𝜋𝜏)
= Δ𝜓 ⋅ 10.61, (33)

whereΔ𝜓 is the maximum phase deviation of 𝜂(𝑡).Therefore,
for a Δ𝜓 value of 9.7mrad, the measured frequency deviation
is 102.9 kHz, very close to the original 100 kHz.

4.4. Phase Noise Measurement. For the phase noise measure-
ment, a voltage controlled oscillator (VCO) from HITTITE
(HMC587LC4B) has been chosen as the device under test.
This VCO features 4 dBm output power and it has an output
carrier frequency range from 5GHz to 10GHz. Its phase
noise is −95 dBc/Hz and −118 dBc/Hz for offset frequencies
of 100 kHz and 1MHz, respectively.

Two different phase noise measurements have been per-
formed for two different VCO output power levels. Hence,
6 dB and 10 dB attenuators have been used at the VCO output
to change the VCO output power, obtaining −2 dBm and
−6.6 dBm, respectively. The VCO output frequency has been
set at 5GHz. For both setups, the VCO phase noise has been
measured with the prototype shown in Figure 8 and with
the signal source analyzer E5052B fromAgilent technologies.
The E5052B measurements have been performed using the
internal PLL of the E5052B (that the E5052B uses in order
to phase noise measure); an averaging factor of 20 and an
IF gain of 50 dB have been used. For the measurements with
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the prototype, no PLL has been used (free running oscillator)
and an averaging factor of 20 has been used.

The results of the measurements for both configurations
are depicted in Figures 13 and 14. In each figure, the
input-referred phase noise floor of the measurement system
(voltage noise at the diode outputs referred to the input
with (28)) is also plotted for comparison. The measurements
results with the six-port delay line discriminator architecture
(without calibration) are in very good agreement with the
measurement results of commercial systems. Moreover, the
proposedmethod is able tomeasure phase noise from sources
with low carrier power without preamplification as well.
Although the measurement system noise floor appears to be
very high, as it can be seen in (28), it can be reduced using a
longer delay line as it was done in [11].
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Figure 14: Phase noise measurements of a VCO from HITTITE-
HMC587LC4B (𝑃

𝑖𝑛
= −2 dBm).

5. Conclusions

In this work, a new phase noise measurement architecture
has been proposed. This architecture makes use of a six-
port frequency discriminator. This circuit is based on a delay
line discriminator configuration, thus not needing a reference
oscillator. Most of the elements of the proposed architecture
are passive (only the baseband operational amplifiers need
DC supply), highly reducing its power consumption.The use
of a six-port in spite of RF mixers allows phase noise mea-
surement of low power oscillators without RF amplification.

A detailed study of the architecture has been performed
including the system noise sources. Besides, the gain and
sensitivity of the system have been calculated. In order to
assess the proposed architecture, a prototype of the proposed
six-port-based delay-line frequency discriminator has been
fabricated. Several tests have been carried out to evaluate its
performance. The phase noise of a commercial RF VCO has
been measured and compared with the results obtained with
a commercial phase noise measurement system. Even though
no calibration algorithms have been used, the measured
results of the proposed architecture are in good agreement
with the commercial system ones, which show the validity
of the proposed architecture for the characterization of RF
VCOs.

Conflict of Interests

There is no conflict of interests regarding the publication of
this paper.

Acknowledgment

This work has been funded by the Consejeŕıa de Economı́a,
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The Six-port receiver has been intensively investigated in the last decade to be implemented as an alternative radar architecture.
Plenty of current scientific publications demonstrate the effectiveness and versatility of the Six-port radar for special industrial,
automotive, and medical applications, ranging from accurate contactless vibration analysis, through automotive radar calibration,
to remote breath and heartbeat monitoring. Its highlights, such as excellent phase discrimination, trivial signal processing, low
circuit complexity, and cost, have lately drawn the attention of companies working with radar technology. A joint project involving
the University of Erlangen-Nuremberg and InnoSenT GmbH (Innovative Sensor Technology) led to the development of a highly
accurate, compact, and versatile Six-port radar module aiming at a reliable high-integration of all subcomponents such as antenna,
Six-port front-end, baseband circuitry, and digital signal processing in one single package. Innovative aspects in the RF front-end
design as well as in the integration strategy are hereby presented, together with a system overview and measurement results.

1. Introduction

Optical high-resolution, contactless distance measurement
techniques such as laser interferometry and laser pulse time-
difference measurements have been widely implemented
for industrial and medical applications. The drawback of
optical techniques is the difficulty to penetrate dust and
fog with the laser in harsh environments as optical lenses
and mirrors can get dirty. Furthermore, with increasing
suspended particle density in the propagation environment
dampening and scattering effects increase so that the laser
cannot reach the surface of the object under investigation.
These inconveniences of laser based systems are the cause of
an increasing interest in alternative nonoptical measurement
techniques that are robust against such industrial environ-
ment conditions.

One of the main noncontact-based alternatives to laser is
radar. Radar-based measurement techniques work also when
a direct optical line of sight to the object under investigation
is not guaranteed since radar waves can propagate much

better through foggy or dusty air. Furthermore, even bulky
and optically nontransparent dielectric slabs or nonmetallic
shields can be penetrated by the radar signal [1, 2].

Within the last decade, radar technology has been rapidly
expanding in industrial, automotive, andmedical application
areas [3]. Advanced positioning and sensor feedback tasks
in automation processes rely on high precision radar-based
distance detection, for example, to measure and track the
movement of robots [4]. As an example for medical applica-
tions, high measurement accuracy is required to guarantee
the safety of patients and the quality of therapies through
vital sign monitoring systems. For instance, heartbeat and
breath rate monitoring is of primary interest and can be
achievedwith particularly accurate radar-based displacement
detection techniques [5].

The Six-port receiver recently raised the interest of the
industry [6]. The excellent phase resolution offered by this
alternative microwave receiver leads to high accuracy dis-
tance and angular measurement capabilities [7]. Historically,
the Six-port receiver has been used as a reflectometer [8, 9].
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Figure 1: The developed Six-port radar module.

Following the evolution of radar and microwave technology,
the Six-port receiver has been also used as an alternative
vector network analyzer for sensing applications. Mainly due
to the progress in material and process technology, the Six-
port technique has lately found several other implementation
possibilities. As a result of a joint project involving the
University of Erlangen-Nuremberg and InnoSenT GmbH
(Innovative Sensor Technology), a radar sensor based on the
Six-port technique has been developed (Figure 1).

In this work, this compact and versatile Six-port radar
system is presented along with design and simulation results
of its passive components as well as hardware measurements
and evaluations. The principles of Six-port receivers as
well as the use of Six-port networks for radar applications
have already been shown in many publications [9–11]. The
developed monostatic Six-port radar front-end works in the
ISM band at 24GHz. It can be used in one-target scenarios
for distance and vibration measurements [12]. After using a
suitable calibration, the position and movement of a target
can be calculated [11].

2. System Overview

The presented sensor is a monostatic Six-port radar with
integrated patch antenna array, microwave front-end, and
digital signal processing (DSP) board in one compact case
measuring only (40 × 60 × 44)mm3 (width, length, height).

The schematic view of the system concept is shown in
Figure 2. The reference signal generated by a fractional-𝑁
frequency synthesizer is routed to the input port 1 of the Six-
port. The transmit signal is sent to the target by a 16 elements
patch array antenna with 14 dBi gain and 40∘ angular width
(3 dB). The reflected signal from the target is coupled to the
receive path and therefore fed into port 2 of the Six-port
receiver. Its four output signals are downconverted to base-
band by four Schottky diode power detectors and amplified
with the help of two dual operational amplifiers. The analog-
to-digital conversion, error correction, and calculation of the
target’s position ormovement are done using a dedicatedDSP
board.

Due to the use of a low-noise amplifier (LNA) with
18 dB gain in the receive path and two digitally adjustable

attenuators in the reference as well as in the receive path, the
system can be adapted to a variety of application scenarios.
The attenuators can be programmed via SPI interfaces. The
high flexibility of the system is needed because of the free
spacemeasurement environment. Depending on the distance
between antenna and target as well as the target’s dimensions,
the received power level may strongly vary.

Like in monostatic multiplicative mixer based radar
systems, the isolation of the radar coupler and the matching
of the antenna are crucial for the system’s performance [13].
Crosstalk from transmit to receive path creates a DC-offset in
the baseband voltages. This may shift the operating point of
the diode detectors to a nonquadratic region and may drive
the operational amplifiers into saturation.

The microwave signal is generated by a fractional-𝑁
frequency synthesizer which also allows frequency and phase
modulation. The synthesizer has been partly developed by
InnoSenTGmbH (VCO, attenuator, and buffer amplifier) and
is specified to have an output power of 8 dBm.

3. The Six-Port Receiver Front-End

The Six-port network is an alternative receiver setup for
microwave and millimeter-wave frequencies. It is essentially
a passive receiver structure based on the interferometric
principle featuring two input ports and four output ports
[14]. Two input signals are superimposed under four relative
quadrature phase shifts. Depending on phase difference
and amplitudes of the two input signals, constructive and
destructive interaction takes place at the four output ports.
Two complex input signals 𝑃

1
and 𝑃

2
(Figure 2) with carrier

frequency 𝑓 are hereby defined as

𝑃
1
= 𝐴
1
⋅ 𝑒
𝑗(2𝜋𝑓𝑡+𝜙

1
)
;

𝑃
2
= 𝐴
2
⋅ 𝑒
𝑗(2𝜋𝑓𝑡+𝜙

2
)
.

(1)

The complex output signals 𝑃
3
, 𝑃
4
, 𝑃
5
, and 𝑃

6
are therefore

generated. Diode-based power detectors (Square-law) at the
four outputs of the Six-port receiver deliver four baseband
voltages 𝐵

3
to 𝐵
6
(Figure 2):
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Due to the quadrature phase shift superposition of the input
signals, a complex quantity 𝑍 can be defined by the four
baseband voltages. Therefore, the baseband signals 𝐵

3
to 𝐵
6

can be seen as differential 𝐼/𝑄-signals of a complex receiver
according to

𝑍 = 𝐼 + 𝑗𝑄 = (𝐵
5
− 𝐵
6
) + 𝑗 (𝐵

3
− 𝐵
4
) . (3)
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Finally, the argument of 𝑍 can be calculated delivering the
phase shift between the two input signals of the Six-port:

Δ𝜎 = 𝜙
1
− 𝜙
2
= arg {𝑍} . (4)

When using the Six-port as a receiver for radar applications,
the phase shift Δ𝜎 comprises the distance information and
can be directly renormalized when the wavelength of the
signal is known [11]:

𝑑 = 𝜆
Δ𝜎

2 ⋅ 2𝜋
. (5)

Since the measurement relies on a phase difference evalu-
ation, an ambiguity in the measurement will occur if the
distance to be measured is greater than half the wavelength
of the radar signal. Nevertheless, as described in Section 4,
by using appropriate modulation schemes the ambiguity
in phase can be resolved to determine a unique distance
measurement to the target.

In Figure 3, the circuit schematic and hardware imple-
mentation inmicrostrip technology of the developed Six-port
network can be seen. A Wilkinson power divider and three
quadrature hybrid couplers, also called branchline couplers,
generate the mentioned phase shifts.

4. Digital Signal Processing

After some analog signal conditioning procedures in base-
band, the output signals from the Six-port receiver are sam-
pled by synchronously triggered analog-to-digital converters
(ADC) and evaluated by a microcontroller that manages the
complete sensor module. The sampling rate is set to 250 kHz
and the resolution of the ADCs is 12-bit. The calculated
distance information is made available through an RS-232
parallel port in a 32-bit floating point format.

A system initialization is performed directly after start-
up to adapt the radar sensor’s parameters to the environment.
The appropriate reference as well as receive power levels are
adjusted following the routine expressed in the flowchart
in Figure 4 to compensate for power imbalance. For this
purpose, a FrequencyModulatedContinuousWave (FMCW)
signal is used. The reference power level is adjusted through
a digital, variable attenuator with the Attref value while Attrx
controls the attenuator in the receive path. Both attenuators
can be set to values between 0 and 31 dB. Furthermore, the
LNA in the receive path can be completely switched off for
calibration and initialization purposes.

To avoid the well-known ambiguity issue of the Six-
port receiver, a Frequency Shift Keying (FSK) modulation
scheme according to the dual tone approach presented in
[15] is implemented. The fractional-𝑁 frequency synthesizer
generates two tones with a frequency offset of 75MHz for
a maximum nonambiguous range of 2m. A further FMCW
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Figure 4: Initialization diagram.

modulation scheme can be implemented to evaluate speed
and range of a target, as described in [16].

5. Simulation and Analysis

The simulation results of the passive microwave components
are shown in this chapter. The results were obtained with the
3D electromagnetic field simulator CST Microwave Studio
using the Frequency Domain Solver. For more details about
the theory of the basic circuits (i.e., Wilkinson power divider,
quadrature hybrid coupler) the reader may refer to [17] and
for the Six-port network to [10].

5.1. Quadrature Hybrid Coupler. The layout for a round
quadrature hybrid coupler at 24GHz is shown in Figure 6(a).
The incident wave is fed to port 1, port 4 is isolated, and port
2 and 3 are the output ports. The transmission line length
between the ports is a quarter of the wavelength. A round
layout has been chosen, because the geometrical 90∘ angle

Frequency (GHz)

S11

S41

20 22 24 26 28
−50

−40

−30

−20

−10

S
-p

ar
am

et
er

 (d
B)

Figure 5: Simulated 𝑆
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and 𝑆
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of the quadrature hybrid coupler.

between port 1 and 4 as illustrated in Figure 6(a) leads to
a higher isolation, which is a crucial parameter for radar
couplers.

Figure 5 shows the simulated input reflection coefficient
at port 1 (𝑆

11
(dB)) and the isolation between port 1 and 4

(𝑆
41
(dB)). The hybrid coupler is well matched within the

entire bandwidth (−38 dB at 24GHz and 24.25GHz and
−45 dB at the center frequency). The isolation is higher than
33 dB in the frequency band of interest. Due to the high
isolation values, the coupler is also used as radar coupler with
one port being terminated.

The simulation results for the transmission are presented
in Figure 7. For an ideal hybrid coupler the transmission loss
would be −3 dB and the phase difference would be 90∘. For
24GHz the required phase difference is reached. However,
the transmission loss between port 1 and 3 is −3.2 dB
and −3.7 dB between port 1 and 2 although the path length to
port 3 is longer than to port 2. A reason for this unexpected
difference may be the geometrical 90∘ angle between port 1
and 2.

5.2. Wilkinson Power Divider. The layout of the Wilkinson
power divider is shown in Figure 6(b). It has been optimized
to have a good matching at all ports and a high isolation
between port 2 and 3 for 24GHz. According to the simulation
results shown in Figure 8, matching of port 1 and 2 as well
as transmission between port 2 and 3 are below −20 dB.
This is necessary to avoid standing waves inside the Six-port
network and coupling between the four Schottky diode power
detectors.

5.3. Six-Port Network. In Section 3, it has been demonstrated
by (2) that the Six-port receiver relies on four quadrature
phase shifts. In the Six-port network used in this work these
phase shifts are generated by three branchline couplers and
one Wilkinson power divider. The schematic and the layout
of the resulting network are presented in Figure 3.
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Figure 8: Simulated scattering parameters of power divider.
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Figure 9: Six-port: simulated transmission from port 1 to the output
ports.

3D field simulation shows that the power imbalance of the
transmission from the input to the output ports is less than
2 dB (Figures 9 and 10) and the relative phase shiftsmatch 90∘
with only 4∘ error (Figure 11). The reflection coefficient of the
input ports and the isolation between them are below −20 dB
for 24.125GHz ± 125MHz.

6. Applications Overview

6.1. Distance Measurement. High-resolution distance mea-
surements with short and long range positioning are impor-
tant for a large number of sensing applications [18]. The
radar module implements a fractional-𝑁 frequency syn-
thesizer enabling different modulation schemes to perform
nonambiguous distancemeasurements.The Six-port receiver
suffers from ambiguity issues if distances of more than half
a wavelength are measured. A solution to this problem is
to use a two or more tone FSK modulation of the carrier
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of the Six-port network (reference port 6 is set to 0∘).

frequency and comparing the observed phase differences of
these signals to each other. This allows to measure distances
of several wavelengths with subwavelength accuracy and
ultralow tolerances.

6.2. Vibration Measurement. Particularly interesting is the
analysis of small displacements of an observed target, for
instance, vibration monitoring [2]. Since the Six-port based
radar sensor provides very high accuracy distance detection,
even the smallest vibrations (i.e., distance variations of the
target surface with respect to the sensor) can be accurately
detected. Performing a frequency domain analysis, a spectro-
gram of the target’s mechanical vibrations can be obtained.

This leads to relevant information about the working condi-
tions of diverse industrial machinery.The sensor can be used
for modal analysis in order to measure the dynamic response
of mechanical structures and the different vibration modes.
By observing for instance a rotating turbine, thus illuminating
the complete machine with the Six-port radar, the main
mechanical resonances can be recorded and monitored.
In case of a mechanical malfunction or degradation, for
instance a wearing of the axis bearings, minor changes in
the mechanical resonances will occur. Such effects can be
thereforemonitoredwithout even applying sensors directly to
the machine. In other words, a contactless vibration analysis
for diverse industrial machines can be easily performed. As
the reconstruction algorithms feature low complexity and can
be calculated very fast, the maximum detectable vibration
frequency is only limited by the sampling frequency of the
analog-digital interface.

6.3. Contactless Heartbeat and Respiration Monitoring. For
medical applications, the heartbeat and breathing activities
affect the phase of the reflected signal which is compared
with the reference signal source in the radar device [11]. A
radar signal is sent towards the person under test to observe
minor mechanical movements of the patient’s body. These
movements are caused by the respiration as well as heartbeat
and can be tracked by analyzing the phase modulation of
the backscattered signal. The patients respiration will result
in a significant and periodic extension of the torso, which
is in the range of several millimeters. Additionally, the
heartbeat will be superimposed to this movement, which is
assumed to be in the submillimeter range. These periodic
movements and vibrations can subsequently be detected by
signal postprocessing.

7. Measurements

The passive RF subcomponents have been fabricated on a
test PCB based on the Rogers RO4835 substrate material
and characterized with a vector network analyzer.The results
are shown in Sections 7.1 and 7.2. Furthermore, evaluation
measurements of the complete system are presented in
Section 7.4. A photo of the RF front-end is shown in Figure 12.

7.1. Quadrature Hybrid Coupler. The properties of the radar
coupler are crucial for the performance of the overall sys-
tem. Therefore, measurement results for this component are
hereby presented. As illustrated in Figure 13, the isolation
between port 1 and 4 (𝑆

41
(dB)) of the proposed coupler

between 24 and 24.25GHz is higher than 25 dB, whereas
the isolation between port 2 and 3 (𝑆

32
(dB)) is higher than

30 dB. Since the coupler has been designed to be symmetrical
the deviation between 𝑆

41
and 𝑆

32
results from fabrication

and measurement inaccuracies. The power imbalance in the
transmission from port 1 to ports 2 and 3 is 0.2 dB only
(Figure 14). The generated phase difference between ports 2
and 3 varies between 88.1∘ and 87.3∘, which leads to the four
quadrature phase shifts of the Six-port network. The ideal
phase shift is 90∘.
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Figure 12: Photo of the radar front-end.
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Table 1: Normalized phase difference at the output ports.

Frequency 24GHz 24.25GHz Ideal
Port 3 92.2∘ 91.3∘ 90∘

Port 4 272.1∘ 270.9∘ 270∘

Port 5 181.3∘ 179.5∘ 180∘

20 22 24 26
0

50

100

150

200

250

300

350

92

272

181

0

Frequency (GHz)

Ph
as

e d
iff

er
en

ce
(
∘
)

Port 3
Port 4

Port 5
Port 6

Figure 15: Measured normalized phase difference at the output
ports of the Six-port network (reference port 6 is set to 0∘).

7.2. Six-Port Network. Measurement results in Figure 15 and
Table 1 show that the four quadrature phase shifts between
24 and 24.25GHz can be obtained with only 2∘ deviation,
which is due to the optimal phase shift performance of the
quadrature hybrid coupler.

Moreover, the designed Six-port network features high
isolation between input ports 1 and 2 (−30 dB). The return
loss at the input ports is lower than−15 dB, while at the output
ports 3, 4, 5, and 6 it is lower than −20 dB. Furthermore,
the power imbalance at the output ports is less than 1.7 dB,
as shown in Figures 16 and 17.

7.3. Theoretical Distance Accuracy Limits. A circuit sim-
ulation with Agilent Advanced Design System has been
performed in order to estimate the theoretical accuracy of
the radar front-end due to the imperfections of the Six-
port network and the quadrature hybrid coupler used as
radar coupler. The measured 𝑆-parameters of the coupler
result in a maximum phase shift error Δ𝜎err = ±11.5

∘

and therefore in a maximum distance measurement error
𝑑err = ±200 𝜇m. System simulation with the measured Six-
port network performance and apart from that an ideal RF
front-end results in Δ𝜎err = ±7.5

∘ and 𝑑err = ±130 𝜇m. Using
the measured 𝑆-parameters of Six-port network and coupler
leads to a maximum phase shift error Δ𝜎err = ±12

∘ and a
maximum error of the measured distance 𝑑err = ±210 𝜇m.
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Figure 16: Six-port: measured transmission from port 1 to the
output ports.
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Figure 17: Six-port: measured transmission from port 2 to the
output ports.

These measurement errors have a characteristic sinu-
soidal shape. Consequently, they can be compensated by a
suitable calibration. The same holds for measurement errors
due to additional static targets, for example, in an industrial
environment. These have a periodicity of 𝜆/4 and can be
compensated.

7.4. Distance Measurements. The Six-port radar system has
been tested by sweeping the position of a corner reflector
used as a target with the help of a high precision computer
controlled linear stage. The target has been placed at a
distance of 1.7m and shifted by 150mm towards the radar
with steps of 100𝜇m.The reference for the positioning system
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Figure 18: Absolute measurement error.

is the optical encoder of the linear stage which features a
resolution of 0.5 𝜇m.Themeasurement has been repeated ten
times in one hour time frame. The target’s displacement has
been calculated from the measured phase with (5).

In order to get a more detailed view of the results, the
absolutemeasurement error has been calculated and is shown
in Figure 18 for all datasets. A constant drift of the offset and
a similar periodic behavior of all datasets can be observed.
Nevertheless, this error can be compensated as it is equal
for all measurements and therefore, characteristic for the
system. For this reason, after a calibration based on one
dataset, the relative error has been calculated and is presented
in Figure 19. The variation of the relative error between
minimum and maximum is due to a constant and slow drift
between the datasets and is probably caused by a system’s
temperature change within the measurement time frame of
one hour.

In order to evaluate the system’s accuracy independently
from this constant drift over time, 10,000 measurement
values have been recorded with an interval of 10ms resulting
in a total measurement time frame of 100 s. The standard
deviation of themeasured position expressed in relative result
frequency is plotted in Figure 20. 83.8% of the measured
position values lies within ±20𝜇maround the actual position
value. 99.6% lies within ±40𝜇m.

8. Conclusion

A compact, versatile radar module based on the Six-port
technique working in the ISM band at 24GHz has been
presented. The monostatic radar system measures only (40 ×
60 × 44)mm3 and features a high integration of all



Journal of Electrical and Computer Engineering 9

0 25 50 75 100 125 150
−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

Distance (mm)

Re
lat

iv
e e

rr
or

 (m
m

)

Mean
Min
Max

Figure 19: Relative measurement error.

−0.06 −0.04 −0.02 0 0.02 0.04 0.06
0

0.5

1

1.5

2

2.5

3

3.5

Measured position (mm)

Re
lat

iv
e f

re
qu

en
cy

 (%
)

Figure 20: Standard deviation of measurement results.

subcomponents such as RF source, patch antenna array, Six-
port based receiver, baseband circuitry, and digital signal
processing in one single housing. Simulation results of the
passive microwave components have been validated with
measurements showing good design performance. An overall
evaluation of the radar system demonstrates a high precision
in the micrometer range (±40𝜇m) and a maximum relative
error of ±400𝜇mdue to a slow drift over time.These positive
results are due to the excellent phase discrimination proper-
ties of the Six-port receiver. The proposed system is therefore
suitable for several industrial andmedical applications where
highmeasurement accuracy is required such as displacement
and vibration measurements as well as remote breath and
heartbeat monitoring.
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This paper presents the characterization results of several new passive millimeter wave circuits integrated on very thin ceramic
substrate.Thework is focused on the design and characterization of a novel roundedWilkinson power divider, a 90∘ hybrid coupler,
a rat-race coupler, and a novel six-port (multiport) circuit. Measurements show the wideband characteristics, allowing therefore
their use for multi-Gb/s V-band wireless communication systems.

1. Introduction

The use of the 60-GHz band has attracted a great deal of
interest over the last few decades, especially for its use in
future compact transceivers dedicated to high-speed wireless
applications in indoor environments (57–64GHz) [1–3]. In
this context, intensive research has been done to further
develop new millimeter wave components for high data rate
wireless communications according to the IEEE 802.15.3c
standard. As previously demonstrated, the six-port technol-
ogy offers an excellent alternative to conventional receiver
architectures, especially atmillimeterwave frequencies [4–6].

Nowadays, there are few promising high-quality fabri-
cation technologies, yielding potentially low-cost millime-
ter wave components, such as the monolithic microwave
integrated Circuit (MMIC) on GaAs or SiGe for large-scale
production, and the miniature hybrid microwave integrated
circuit (MHMIC) technology on very thin ceramic substrates,
for small-scale production and prototyping [7, 8].

Moreover, several technologies have been intensively
used for the millimeter wave circuit design and in-house
prototype fabrication. We particularly note the coplanar, the
substrate integrated waveguide (SIW), and the microstrip
technology. The coplanar technology assures high-quality
component design but is not well suited for low-cost pro-
duction due to the difficulties in automating wire-bonding

implementation, necessary for obtaining repeatable perfor-
mances.On the other hand, the SIW technology assures high-
quality component design on thin ceramics [9] or the design
of optimal transitions from planar to standard rectangular
waveguides [10]. For further circuit miniaturization, the
microstrip technology on very thin, high relative permittivity
substrate is recommended.

As known, the microstrip line width is related to the
characteristic impedance, substrate relative permittivity, and
its thickness. It is to be noted that, due to reduced guided
wavelength in high permittivity ceramic substrates, in order
to keep the required circuit aspect ratio (guided wavelength
versus the line width), the substrate must be as thin as
possible. The optimal choice for frequencies greater than
60GHz is the 127 𝜇m thick alumina substrate, which is
also easily compatible with the usual 100𝜇m thick MMIC
active components, to be integrated with planar passive
MHMICs. The MMIC chips are placed in rectangular cuts
on ceramics, on the top of the same metallic fixture, allowing
thermal dissipation and easy wire bonding with MHMIC
components, which are practically at the same height.

Initial designs and circuit characterization results of sev-
eral MHMIC passive circuits on very thin ceramic substrate,
designed for advanced millimeter wave systems operating in
60–90GHz band, have been published few years ago [11].
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This paper presents novel circuit designs, together with
major improvements obtained in fabrication and characteri-
zation process in recent years.

2. Calibration Techniques and Standards

Measurement performance mainly depends on the accuracy
of the calibration technique and its standards used for cor-
recting the imperfections of the measurement system. These
imperfections depend on several factors such as nonideal
nature of cables and probes and the internal characteristics
of the vector network analyzer (VNA) itself. In order to
simplify calibration procedures and to obtain more accurate
and reliable measurement by introducing much smaller
systematic errors, the on-wafer calibration and measurement
with picoprobes were adopted.

Typically, on-wafer calibration standards are fabricated
either on the wafer including the device under test (DUT)
or on a separate impedance standard substrate (ISS). The
reference plane is usually taken at the probe tips. Neverthe-
less, for the DUTmeasurement inmicrostrip technology, on-
wafer standards fabricated on the same wafer as the DUT
are required since the probe-to-standard transition can be
designed to be very similar to the transition to the DUT. It
sometimes happens that the transition between the probe tips
and the coplanar line end is not well matched and parasitic
and some wave modes occur at the contact of the probe tips.
By taking the probe tips as measurement reference plane, the
errors due to this transition are not corrected and may affect
the measurement results.

Different calibration procedures or standards have been
used for measuring microstrip-based circuits; among the
most commonly used are line-reflect-match (LRM), line-
line-reflect-match (LLRM), and thru-reflect-line (TRL) [12].

One of the most robust and popular technique is the TRL
calibration, which is well suited to the on-wafer measure-
ments at millimeter wave frequencies. According to previous
comments, the reference plane is considered at the middle of
the thru line.

The TRL calibration was done using on-wafer microstrip
structures and the TRL algorithm supported by our vector
network analyzer E8362B of Agilent Technologies.

A nonzero length thru is used to extend the reference
plane a physical distance of 2286 𝜇m into the microstrip line
in order to ensure direct measurement at the desired refer-
ence plane of the device, eliminating further deembedding
and its associated uncertainties.

One microstrip delay line of 477 𝜇m length is used to
cover the whole considered frequency band. Generally, in
order to avoid phase uncertainties, for TRL calibration, the
electrical length of the line standard is maximum 180∘ at the
highest operating frequency.

For the reflect standard, the designer can choose between
the open and the short. In our opinion, the open standard
is a better option at millimeter wave frequencies, due to the
complex nature of the short-circuit design having repeatable
performances in microstrip technology, especially when via-
holes are used.

TRL calibration kits
50 Ω test resistors Loads terminations 50 Ω

Microstrip conductors areas

Reflect 

Line  

Thru
2286 𝜇m

Figure 1:Microphotograph of the fabricated circuits on thin ceram-
ic substrate of 2.54 cm × 2.54 cm.

In our designs, millimeter wave RF short circuits are
implemented with quarter wavelength sectors, avoiding via-
holes.

Figure 1 shows a microphotograph of typical fabricated
circuits, including several identical TRL standard calibration
kits. In order to optimize the fabrication cost and the
measurement time, a maximum number of circuits to be
characterized are fabricated on each ceramic die of 2.54 cm ×
2.54 cm.

Due to the vulnerability of the very thin gold layer
metallization (1𝜇m), multiple identical kits have been fab-
ricated in order to ensure successful calibration before each
measurement. Small microstrip conductor areas were also
added ondie in order the properly align the picoprobes before
measurement. In addition, 50Ωmicrostrip terminations and
resistors test kits were used to verify the required value of
100Ω per square for the integrated loads.

Typical measurement results over 60–90GHz band of a
microstrip line, after calibration, showmatching results better
than −50 dB at both ports and a quasi-perfect transmission
of 0 dB (with no more than 0.5 dB ripple, the intrinsic error
of the VNA) when the picoprobes are properly aligned and
positioned.

3. Basic Circuit Characterization

In order to integrate complete millimeter wave front-ends on
ceramic substrates, the first step is to design basic circuits,
such as couplers and power dividers/combiners. These com-
ponents will be further utilized in antenna array and six-port
downconverter or direct modulator designs.

As mentioned, the MHMICs have been designed and
fabricated on a very thin ceramic substrate having a relative
permittivity of 9.9 and a thickness of 127𝜇m. Advanced
Design System (ADS) version 2011.05 of Agilent Technologies
was used for circuits design and simulation.
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Figure 2: Microphotograph of the branch-line coupler.

In order to perform on-wafer measurement of the 𝑆
parameters, several circuits have been integrated in the same
alumina substrate of 2.54 cm × 2.54 cm size, as seen in
Figure 1.

The symmetry of circuits is used to reduce the number
of fabricated circuits required for complete characterization.
For example, the full characterization of four port couplers
requires minimum three different circuits due to the two-
dimensional symmetry. Only two circuits are needed for
the Wilkinson power divider, because of its one-dimensional
symmetry. Finally, five circuits are requested for the full
characterization of our six-port design. All these circuits
can be easily identified in Figure 1. The unused ports are
connected to integrated 50Ω loads.

Even if the allowed frequency band starts from57GHz, all
circuits are measured from 60GHz because of measurement
set-up capabilities (WR-12 rectangular waveguides modules
for the 60–90GHz millimeter wave extension of the VNA).
However, the results can be extrapolated in the 57–60GHz
band by symmetry and comparison with electromagnetic
simulations.

3.1. 90∘ Hybrid Coupler. Figure 2 shows the microphoto-
graph of the 90∘ hybrid coupler, prepared for port 1 to port
3 measurements.

As usual in our millimeter wave designs, the shape of the
circuit is rounded, ensuring better 𝑆 parameter performances.
Themicrostrip line widths are 126 𝜇m for the 50Ωmicrostrip
line, 100 𝜇m for central line of the coplanar input, and
250𝜇m for 50/√2Ω quarter wave line inside the coupler.The
diameter of the coupler, measured between the centers of
diametrically opposite microstrip lines, is around 625𝜇m.

As explained earlier, all via-holes are replaced with
wideband RF short circuits. Details, such as 50Ω integrated
resistor or the trace of the picoprobes on gold layer metalliza-
tion after measurement, can be seen in the picture.

Figures 3 to 5 show measurement results for 𝑆 parameter
magnitudes and phases of the circuit. Measurements are
performed for 𝑆

21
, 𝑆
31
, and 𝑆

41
on three different circuits (see

Figure 1, the secondary diagonal).
As seen in Figure 3, the measured return losses are better

than 26 dB at 60GHz and better than 14 dB at the highest
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Figure 3: Measured input return loss for the 90∘ hybrid coupler.
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Figure 4: Measured transmission 𝑆 parameter magnitudes for the
90∘ hybrid coupler.

frequency allowed for V-band communications, 64GHz.The
isolation, 𝑆

41
, is around 20 dB at 60GHz and has comparable

values with return losses from 63GHz.
The measured transmitted power is well splitted between

the two outputs, especially around the central frequency
allowed for V-band communications (60.5 GHz).Themagni-
tude unbalancing is practically zero at 60GHz and less than
1 dB at 64GHz, as can be seen in Figure 4.

Figure 5 shows that the phase difference between the two
outputs is around 89∘± 1∘ from 60 to 65GHz.

Because in a six-port circuit the signal path crosses
over two such couplers, these low values of magnitudes and
phases unbalances are considered appropriate for modula-
tion/demodulation schemes having up to 16 symbols.
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Figure 5: Measured transmission 𝑆 parameter phase difference for
the 90∘ hybrid coupler.
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Figure 6: Microphotograph of the rat-race coupler.

3.2. Rat-Race Coupler. A rate-race coupler has been also
designed and fabricated on a separate die, similar to that illus-
trated in Figure 1, along with other circuits. Multiple circuits
have been fabricated to measure complete 𝑆 parameters of
the coupler. As for the previous case, the unused ports are
connected to integrated 50Ω loads.

Figure 6 shows the microphotograph of this rat-race
coupler, prepared for port 1 to port 2 measurements.

In order to have a better idea of circuit size, let us
see the same dimensions: the line widths are 126 𝜇m for
50Ω microstrip lines and 55 𝜇m for 50√2Ω characteristical
impedance of the circular shape. The coupler circumference
is equal to six quarter wavelengths and its diameter is 740𝜇m.
Two integrated 50Ω millimeter wave loads are connected
to ports 3 and 4. Similar details, as in the previous circuit
case, are visible on the picture: the 50Ω integrated resistors
connected at unused ports and the traces of the picoprobes
on gold layer metallization after measurement.

Figures 7 to 9 show measurement results for 𝑆 parameter
magnitudes and phases of this rat-race coupler.

Figure 7 shows that the measured input return loss
and isolation values are better than 15 dB over the whole
considered frequency band, from 60 to 65GHz.The isolation
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Figure 7: Measured input return loss for the rat-race coupler.
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Figure 8: Measured transmission 𝑆 parameter magnitudes for the
rat-race coupler.

𝑆
14
reaches an exceptional value, of at least 35 dB, due to the

constant characteristic impedance over the ring.There are no
steps in linewidth, which improvesmillimeterwave isolation.

As regards the transmitted power plotted in Figure 8, a
quasi-equal split between the two outputs over the whole
frequency range of interest is observed.Themeasured unbal-
ancing is less than 0.5 dB, comparable with the intrinsic error
of the VNA.

Figure 9 shows the measurement of the transmission
phase difference between the output ports. The phase differ-
ence value is equal to 180∘, with a corresponding of phase
error of ±5∘ over the considered frequency band. This error
is close to 0∘ at the central frequency allowed for V-band
communications (60.5GHz).



Journal of Electrical and Computer Engineering 5

360

180

0

−180

−360

Frequency (GHz)
60 61 62 63 64 65

Ph
as

e d
iff

er
en

ce
 (d

eg
.)

200

190

180

170

160

Phase differenceS13 phase
S12 phase

Ph
as

e S
 p

ar
am

et
er

 (d
eg

.)

Figure 9: Measured transmission 𝑆 parameter phase difference for
the rat-race coupler.
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Figure 10: Microphotograph of the Wilkinson power divider/
combiner.

The rat-race coupler performances are ideal to design
a V-band six-port-based downconverter using the quasi-
conventional architecture (with two pairs of antiparallel
diodes connected to rat-race quadrature outputs), similar to
those presented in [13] for automotive radars, at 77GHz.

It is known that a conventional mixer uses such a rat-
race coupler and a pair of antiparallel diodes. The six-port
downconverter design is completed by adding a 90∘ hybrid
coupler to LO port and aWilkinson at RF port and two diode
mixers [14].

3.3. Wilkinson Power Divider/Combiner. Figure 10 shows the
microphotograph of a novel rounded shapeWilkinson power
divider [15] along with the transition from the coplanar wave
to the microstrip line, requested for on wafer measurements.
This circuit of Figure 10 is prepared for the port 2 to port
1 measurement. A second circuit, fabricated on the same
ceramic die (see Figure 1), is used to measure isolation
between ports 2 and 3.
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Figure 11: Measured return loss for the Wilkinson power divider/
combiner.

In order to avoid via holes, as in previous measurements,
the 50Ω loads use a quarter wavelength open stub as
millimeter wave RF short circuit (see port 3).

Figures 11 to 13 show measurement results of the novel
Wilkinson power divider/combiner 𝑆 parameters (magnitude
and phase).

As seen in Figure 11, the measured return losses have
very good values. The port 2 return loss result is probably
due to deviations from 50Ω values of the integrated load
in the corresponding measurement circuit. However, due to
the symmetry of the Wilkinson, the results must be closer to
those obtained at port 3 using the second circuit.The isolation
between two output/input ports of the divider/combiner, 𝑆

23
,

reaches also a very good value of around 25 dB over the whole
band.

The power is almost equally split over the band, as
illustrated in Figure 12; the magnitude unbalance is around
0.1 dB.

The phase difference between the two outputs is less than
2∘ over the considered band, as shown in Figure 13.

The glitches at 60.5 GHz are due to an internal error of
our VNA millimeter wave heads, which cannot be totally
cancelled by calibration. It remains in the tolerance measure-
ments of VNA, for bothmagnitude and phasemeasurements.

When the power divider circuit is part of a six-port, same
conclusion as for previous circuits, the low values of magni-
tudes and phases unbalances are considered appropriate for
the use of the six-port in modulation/demodulation schemes
having up to 16 symbols.

3.4. Six-Port Circuit Characterization. Six-port (multiport)
quadrature downconversion and direct modulation is an
innovative approach in millimeter wave technology. A com-
plete theory, validated by various simulations and mea-
surements of V-band direct conversion receivers, has been
published in recent years [14, 16].
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Figure 12: Measured transmission 𝑆 parameter magnitudes for the
Wilkinson power divider/combiner.

180

0

−180

Frequency (GHz)
60 61 62 63 64 65

S13 phase
S12 phase

Phase difference

Ph
as

e d
iff

er
en

ce
 (d

eg
.)

4

2

0

−2

−4

Ph
as

eS
pa

ra
m

et
er

 (d
eg

.)

Figure 13: Measured transmission 𝑆 parameter phase difference for
the Wilkinson power divider/combiner.

Figure 14 shows the block diagram of the proposed six-
port, composed by a Wilkinson power divider and three
90∘ hybrid couplers. As usually noted in all our previous
publications, in a six-port downconverter, the port 6 is
connected to the RF signal and the port 5 is connected to
the LO signal; the other four output ports (1, 2, 3, and 4) are
connected to power detectors [14].

In downconversion techniques, it has been demonstrated
that the six-port technology allows improved results in
terms of conversion loss and requires reduced LO power,
as compared to the conventional methods (as low as −20
to −25 dBm to perform an efficient frequency conversion)
[14]. On the other hand, a conventional diode mixer using
antiparallel diodes acting at LO-driven switches requires
around +10 dBm LO power for the same conversion loss. The
excellent isolation between the six-port RF inputs is another
important advantage versus the conventional approach [14].

A novel six-port circuit, having an improved symmetry
and rounded shapes, has been designed using the novel
Wilkinson power divider/combiner and the 90∘ hybrid cou-
plers presented in previous Sections 3.3 and 3.1, respectively.
The central design frequency is 60.5GHz, in the middle of
allowed band of 57–64GHz.

Measurements are performed, as explained for other
circuits from 60GHz, due to our measurement equipment
capabilities. Once again, extrapolation of measurements and
comparison with simulations help us to estimate the circuit
behavior from 57 to 60GHz.

Themicrophotograph in Figure 15 shows the six-port cir-
cuit prepared for port 2 to port 5measurements. As requested,
all other ports are terminated by adapted loads, integrated
on the same substrate. The outer six-port dimensions are
approximately 6.5mm × 6.5mm.

In order to measure the most important six-port 𝑆
parameters (such as RF-LO ports isolation 𝑆

65
, input match

at ports, power transmission between the RF and LO ports
to the outputs, and the phase difference between transmitted
signals), five six-port circuits have been integrated in the same
alumina die, along with other basic circuits and required
calibration standards (see Figure 1).

Figures 16 to 21 show some typical measurement results,
according to the port numbers specified in Figures 14 and 15.

Figure 16 shows the measured return loss at port 6 (RF
input) and port 5 (LO input) and isolation between them. At
the central operating frequency of V-band systems, all values
are better than 20 dB. In addition, the measured values are
better than 15 dB at the highest frequency allowed for V-band
communications, 64GHz.

Figure 17 shows the power splitting between the LO port
and two adjacent output ports, 𝑆

25
and 𝑆

45
. As compared to

the theoretical value of −6 dB, very good results are obtained
over the band. The supplementary insertion loss is around
1 dB at the central frequency and reaches 1.5 dB at the edge.
Themagnitude unbalance is close to 0 dB at 62.5GHz and less
than 0.5 dB over the entire band.

The power splitting between the RF port (port 6) and
two adjacent output ports, 𝑆

16
and 𝑆

36
, is also shown in

Figure 18. Good results have been obtained over the consid-
ered frequency band. These results show less than 1.5 dB of
supplementary insertion loss, while themagnitude unbalance
between requested ports (port 1 and port 3) does not exceed
0.6 dB in the whole frequency band of interest.

The measured return losses at output ports are illustrated
in Figure 19. At the central operating frequency of V-band
systems, all values are better than 25 dB, keeping good values
over the band.

Figure 20 shows the phase difference between the two
typical transmission 𝑆 parameters, 𝑆

52
and 𝑆
54
. It can be seen

that themeasured phase difference between these two outputs
is close to the quadratic reference of 90∘, as expected. The
observed phase difference error is less than ±2∘ up to 64GHz.

As regards the phase difference between the two typical
transmission 𝑆 parameters, 𝑆

61
and 𝑆
63
, depicted in Figure 21,

it shows two quasi-parallel characteristics. The phase
difference between two requested ports (port 1, port 3) is
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Figure 15: Microphotograph of the novel millimeter wave six-port
circuit in a typical 𝑆 parameter measurement configuration.
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Figure 16: Measured RF inputs return loss and isolation for the
proposed six-port circuit.
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Figure 17: Typical measured transmission magnitudes (𝑆
25
, 𝑆
45
) for

the proposed six-port circuit.
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Figure 18: Typical measured transmission magnitudes (𝑆
16
, 𝑆
36
) for

the proposed six-port circuit.



8 Journal of Electrical and Computer Engineering

0

−12.5

−25

−37.5

−50

Frequency (GHz)
60 61 62 63 64 65

S44

S11

S33

S22

M
ag

ni
tu

de
s S

 p
ar

am
et

er
 (d

B)

Figure 19: Typical measured outputs matches for the proposed six-
port circuit.
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Figure 20: Typical measured transmission phase difference of (𝑆
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,

𝑆
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) for the proposed six-port circuit.

close to 90∘. The phase difference error is approximately 3∘ in
the entire frequency band of interest.

4. Conclusion

Novel V-band MHMICs, including a rounded shape six-port
circuit, have been presented in this paper. In order to improve
circuits’ performances, these MHMICs are fabricated in
microstrip technology on very thin ceramic substrate.

Measurement results show that the proposed circuits are
wideband components. The measured supplementary inser-
tion losses, amplitude, and phase unbalancements are consid-
eredmore than acceptable to buildmodulators/demodulators
for modulation schemes having up to 16 symbols (BPSK to 16
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Figure 21: Typical measured transmission phase difference of (𝑆
61
,

𝑆
63
) for the proposed six-port circuit.

QAM, PSK, or dual star). Keeping in the account the 7GHz
bandwidth allowed for V-band communication systems, the
data-rates can reach quasi-optical values.

Six-port computer models have been implemented from
the previous full-port measurements of Wilkinson and cou-
plers. The two-port measurements of each circuit on die
have been imported into ADS using data access components
(DAC). Each model uses multiple DAC, interconnected
according to the corresponding schematic of the six-port.
The 𝑆 parameter simulation results, using the six-port model
developed from these basic building boxes, agree with the
measurements of the five six-port circuits presented in this
paper.Therefore, the computer models will be considered for
advanced system simulations of high-speed V-band wireless
communication systems.

In conclusion, this new fabrication run has allowed us
to improve the performances of the six-port circuit in order
to be integrated in our future design of an entire millimeter
wave front-end on a 2.54 cm× 2.54 cm thin ceramic substrate.
The die will integrate a 2 × 8 elements patch antenna array,
a MMIC low noise amplifier, and a six-port quadrature
downconverter.
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(CREER) of Montréal, funded by the “Fonds du recherché
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