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ABSTRACT In Ambient Backscatter Communications (AmBC), a backscatter device communicates by
modulating the ambient radio frequency (RF) signal impinging at its antenna. In many cases, the system setup
is bi-static such that the receiver and the ambient signal source are separated in space. This configuration
suffers from the direct path interference problem. The direct signal component can be several orders of
magnitude stronger than the scattered one. This imposes a challenge for the receiver that needs to have
high dynamic range in order not to lose the scattered signal component to the quantization noise. In this
paper, we propose a novel AmBC system concept, in which a polarization conversion between the direct and
scattered path is introduced at the backscatter device and exploited at the dual polarization based receiver
antenna to mitigate the direct path interference. The proposed system is agnostic to the ambient signal source
characteristics as long as it uses linearly polarized antennas. The backscatter device changes the polarization
from linear to circular. The receiver antenna is a circularly polarized patch antenna with a 180°-hybrid to
obtain the difference between the left- and right-hand polarized fields. Ideally, this receiver antenna and 180°-
hybrid combination would completely remove linearly polarized direct path and reflected components. In this
paper, we propose a robust design that can mitigate the direct path signal power more than 25 dB despite

nonidealities in the antenna manufacturing.

INDEX TERMS Polarization conversion, ambient backscatter communication.

I. INTRODUCTION

Backscattering radio waves from an object has been a sub-
ject of active study since the development of radar tech-
nologies back in the 1930’s, and the use of backscattered
radio for communications since Harry Stockman’s work
in 1948 [1]. Backscatter Communication (BC) technology
has been widely used in radio frequency identification (RFID)
communication systems, where a reader device generates an
unmodulated carrier signal, a passive tag absorbs the energy
of this signal and then sends back the modulated signal to
the reader. Utilizing the existing ambient radio frequency
in the air, ambient backscatter communication (AmBC),
a new communication technology, has been developed by
researchers at University of Washington in 2013 [2]. Several
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ambient signals can be used as the carrier in AmBC including
frequency modulation (FM) [3], [4] and TV broadcasts [2],
[5], [6] as well as Bluetooth [7]-[9] and WiFi transmis-
sions [10]-[13].

The BC and AmBC system deployments can be either
monostatic, where transmit and receive antennas are co-
located, or bi-static, where transmit and receive antennas
are separated in space. In the latter case, the backscatter-
modulated signal is superimposed with the direct path signal
component at the receiver. In many practical AmBC deploy-
ments, the received power from the direct signal path is
several orders of magnitude larger than that of the desired
signal component of the AmBC system [14]. This imposes
a challenge to the backscatter receiver design that needs to
have a large dynamic range in order not to lose the backscat-
ter message into the quantization noise of the analog-to-
digital converter (ADC) or distortion products due to receiver
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amplifier saturation [15], [16]. A contemporary survey of
AmBC systems is presented in [17] discussing issues and
limitations of AmBC systems.

The strong direct path signal appears as an interference
to the AmBC demodulator. Several techniques have been
proposed to mitigate the impact of the direct path interfer-
ence, such as using long symbol duration to improve the
signal-to-noise-plus-interference ratio (SINR) of the scat-
tered signal at the receiver, shifting the backscattered sig-
nal to a different frequency band [18], [19] and using
multiple receiver antennas [20]-[22]. More recently, hybrid
beamforming techniques, machine-learning assisted detec-
tion approaches together with coding schemes have been
applied to AmBC systems to promote the applications of
AmBC in practice [15], [16].

One technique for minimizing the effect of the strong
ambient RF signal is to shift the radio frequency on which
the backscatter communication system operates away from
the one of the ambient RF signal. This approach has been
utilized to co-exist with WiFi in [11], [23] and with LoRA
[24]. In [25], [26] a multi-hop protocol was proposed,
in which each of the backscatter devices in the multi-hop-
chain between the transmitter and receiver shift the fre-
quency further. In [18], [19], partial shift of the spectrum
was proposed for Orthogonal Frequency Division Multi-
plexed (OFDM) ambient signals, such that the scattered com-
ponent would appear in the null carriers of the ambient signal.
The drawback of these frequency shifting approaches is that
they assume that there is interference free spectrum white
space available where the scattered component can be shifted.
Frequency shifting at the backscatter device also has a power
consumption cost that can be significant in case the device is
powered through RF energy harvesting.

Another mean of avoiding the strong interference caused
by the ambient RF signal is to adopt interference cancel-
lation techniques. In [27], a simple two antenna receiver
was proposed that utilized analog components and avoided
the use of analog-to-digital converter. The drawback of the
design is that it is suitable only for envelope detector type of
receiver. In [15], a more complicated multi-antenna receiver
structure was proposed in which the direct path signal com-
ponent is first nulled in the analog domain and then digital
beamformer receiver is utilized for the AmBC signal. More-
over, authors in [16] proposed a machine learning-assisted
method using classification algorithms for extracting the
information of the AmBC device, while the considered legacy
system was operating with normal signal-to-noise (SNR)
regime. The design enables the AmBC system to retrieve
the binary phase shift keying (BPSK) modulated information
with practically acceptable performance without having the
knowledge of the channel information and the constellations
of the unknown Gaussian-distributed ambient RF signals of
the legacy system.

The authors in [28] propose a polarization-based re-
configurable (PR) antenna design to improve the backscatter
modulated signal path over the direct signal path. The PR
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antennas are able to switch between several linear polar-
izations. When the backscatter modulator sends a message
several times using different polarizations, the possibility
of receiving at least one good quality copy of the message
is increased. By selecting the antenna polarization at the
receiver end to be orthogonal to the ambient transmitter’s
antenna polarization, it is in theory possible to completely
remove the direct signal coming from the ambient transmitter.

The receiver antenna design most related to ours has been
proposed in [29] applying antenna polarization technique.
The authors have designed a passive backscatter communi-
cation system with wide-band antenna circuits for receiving
the ambient and backscattered signals. The backscatter signal
is polarized and then delayed. The two received signals are
coupled to a mixer to extract the modulated signal. However,
the backscatter device is equipped with one antenna to receive
the ambient signal and another antenna for transmitting the
modulated signal. The system offers a simple way to mitigate
the direct path signal at the receiver, but suffers from the need
of two antennas at the transponder and is only applicable with
ambient signals whose polarization matches to that of the
transponder receiving antenna.

In this paper, we propose a novel AmBC system con-
cept, in which a polarization conversion between the direct
and scattered path is introduced at the backscatter device
and is exploited at the dual-polarized receiver to cancel the
direct path and reflected components. The proposed system
is agnostic to the ambient signal source characteristics as
long as it uses linearly polarized antennas. The backscatter
device changes the polarization from linear to circular. The
receiver antenna is a circularly polarized patch antenna with
a 180°-hybrid to obtain the difference between the left- and
right-hand polarized fields. Ideally, the transponder would
fully convert the ambient energy at a linear polarization to
the circularly-polarized modulated signal. Our contribution
is to apply polarization conversion techniques to improve
the AmBC system performance. Particularly, the ambient
signals are unknown and usually very strong compared to the
backscattered signals. Hence, the useful signal is embedded
into strong interference and therefore it is challenging to
design a receiver to retrieve the useful signal without uti-
lizing complex and advanced techniques [14]. The operating
principle of our concept can be implemented using different
building blocks, as the operation does not depend on any
specific design detail of those building blocks. These building
blocks include commercial antennas and hybrid components,
or readymade polarization converters. A polarization con-
verter converting linear polarization to circular one can be
used as the backscatter device if it is possible to control
the conversion, i.e. to switch the conversion ON and OFF.
The antennas with suitable hybrid circuits for the backscatter
device and the receiver could be made cost efficiently on
ordinary circuit boards, as we will later demonstrate.

In this paper, we propose a transponder design that pro-
vides 25 dB improvement in the modulated signal to direct
path interference ratio in an anechoic environment. Signals
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reflected from the environment are also received by the
dual-polarized receiver and are being cancelled like the direct
path component. In a practical environment, reflections can
alter the signal polarization and therefore the environment
largely defines how much the signal to direct path interfer-
ence -ratio can be improved.

The rest of the paper is organized as follows. In Section II,
we introduce the operation principle of our proposed AmBC
system. Section III outlines the design principles of the polar-
ization conversion based receiver and the proposed antenna
configuration. In Section III-B, we briefly present the oper-
ation principle of the backscatter device. We conduct the
frequency sensitivity analysis of the polarization conversion
based receiver in Section IV. The evaluation of the design
with respective to measurements in an an-echoic RF-chamber
are provided in Section V. Section VI concludes this paper
with discussion on achieved results and limitations of the
current design.

Il. SYSTEM CONCEPT
Consider an AmBC system consisting of an ambient signal
source, such as a broadcast transmitter, a backscatter device
and a receiver. The backscatter device modulates the ambi-
ent signal impinging at its antenna, performing e.g. on-off
keying (OOK) as in [2]. The receiver sees super-position of
the direct signal component coming from the ambient source
and the backscatter device modulated signal component. In a
bi-static case, the transmitter and the receiver are not co-
located, so strictly speaking the term backscatter is not a
correct one as the signal is not necessarily scattered to the
direction where the signal came from. We will slightly abuse
the term and denote scattering from the antenna of the modu-
lating device to the direction of the receiver. In the monostatic
case, the direct signal component is typically weak due to
full-duplex antenna design, but in the bi-static case it can be
several orders of magnitude stronger than the scattered signal.

A circularly polarized antenna is an attractive choice for the
receiver antenna as it is very effective removing multi-path
interferences [30]. Another advantage is that no strict orienta-
tion between transmitting and receiving antennas is required,
which is a problem with linearly polarized antennas [30].
A case study presented in [30, p. 271] shows a Printed Quadri-
filar Helix Antenna (PQHA) capable of maintaining good
circular polarization at 2 GHz over the vertical theta (6) angle
of about 140°.

In free-space, the direct path power transfer between the
transmitter and receiver antennas can be expressed using
Frii’s equation as:

A 2
pd = Gy (m) Gips, (1

where A denotes the wavelength, R is the distance between
the transmitter and the receiver antennas, G, is the receiver
antenna gain, G; is the transmitter antenna gain, and p;
is the transmitted power. In case of including a backscat-
ter device, the power transfer of the compound link,
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1.e. transmitter-backscatter-receiver, can be written as [31]

A\ A\
=G M(——) Gup, 2
Y T

where R; is the distance from transmitter to the backscatter

device, R, is the communication distance from the backscat-

ter device to the receiver, and M is the modulation factor

(modulation and antenna losses) of the backscatter device.
The received signal power is

pr =pb+pd + Dz, 3)

where the term p, denotes the instantaneous additive white
Gaussian noise power at the receiver. If the ambient source
signal has time varying amplitude, then p; is time-varying
and therefore difficult to cancel. We also note that

A R \?
Ly <1 )
Pd 47 R1R;

for practical values of the distances, which means that the
receiver should have high dynamic range in order not to lose
the desired backscattered signal component due to receiver
saturation or quantization noise.

So far we have not considered the effect of polarization
mismatches between the antennas. The polarization mis-
match between two elliptical polarization waves is given
by [32]:

X ==

; . driry + (1 — ri)(l - rzi)cos(Z,B)) s
(431 +r2)

where rr, 1 < |rg| < 0o, denote the ellipticity ratio, i.e., the
signed voltage ratio of the major axis of the polarization
ellipse to its minor axis for the transmitter (k = 1) and the
receiver (k = 2) antennas. The parameter 8 is the polarization
mismatch angle 0 < 8 < 7 /2. For linearly polarized antenna
|ry| — o0, and for a circularly polarized antenna |ry| — 1.
In practice, linearly polarized antennas have |r;| < oo, and
circularly polarized antennas have |ri| > 1.

Assume that the ambient source applies linear polarization.
The backscatter device has a linearly polarized input antenna
connected to a circularly polarized output antenna through a
circulator and an RF switch. We will present the design of
such a device in Section III-B. We consider that the receiver
is able to receive the left-hand and right-hand circularly polar-
ized components separately. The receiver uses the Stokes
parameter V = (EgL) — (E%R) measuring the field strength
difference between left- and right-hand circularly polarized
fields (denoted as CL and CR, respectively) for detecting the
backscatter signal. In Section III, we will discuss how such a
receiver antenna structure can be designed.

If the backscatter device is in *off” state (pp = 0), the cir-
cularly polarized components are weak and V ~ 0. When the
backscatter device is in “on’ state, there is one strong circu-
larly polarized component. Say that the backscatter antenna
is left-hand circularly polarized. Then in “on’ state, we have
V > 0. Hence, V can be used as the measurement to detect
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the state of the backscatter antenna and thus demodulate
OOK symbols. In case of an ideal dual polarization receiver,
the measurement V' will be independent on the linearly polar-
ized direct signal components that are not modulated by the
backscatter device. Assuming an ideal anechoic free-space
propagation environment, the received signal power at the
output of the dual polarization receiver is given by

Pr=XrocL — X cr)pd
+Xcr—scL — XcL—crR)XL—sopp + Pz, (6)

where Xcr— ¢z is the polarization match from the left-hand
circularly polarized backscatter antenna to the left-hand
circularly polarized arm, and X;_,c;, and X7, gy denote
the polarization losses from the linearly polarized trans-
mit antenna to the left- and right-hand circularly polar-
ized receiver antennas, respectively. The parameter X; _,}, is
the polarization mismatch between the backscatter antenna
and the linearly polarized transmit antenna. Ideally, since
X cr~ X scL, XcL—cr & 0,and Xcp ¢ ~ 1, we have
pr = Xp—ppp + p;. This is the direct signal path that will be
completely removed by the dual polarization receiver.

The polarization loss between the linearly polarized wave
(Jr1] = o0) and the elliptical polarized antenna (|r;| = |r| &
1) is given by

1—r2

1
X ok==-|14+4 ——=cos(2 . 7
L—~E 2<+1—r2 (ﬂ)) )
Ideally, both arms of the dual polarization receiver have the
same ellipticity such that Xy _.cr = Xp—cr = Xz—E. The
sensitivity of the polarization loss to the antenna parameter r
becomes

d r

X = 28). 3
d}" L—>E (1 + 7'2)2 COS( 13) ( )
Hence, a small deviation in r, §,, between the two arms of the
dual polarization receiver results in

1
XroscL —Xp—cr) ~ Z5r, 9

while assuming 8 = 0. With §, = 0.1, we obtain approxi-
mately 16 dB reduction to the direct path power. With §, =
0.01, the obtained reduction is approximately 26 dB. Hence,
the expected damping of the direct path signal is significant,
which dramatically reduces the required dynamic range of the
receiver.

IIl. POLARIZATION CONVERSION -BASED

BACKSCATTER RECEIVER

A. ANTENNA SYSTEM

If the receiver uses two separate antennas, one for receiving a
left-hand circularly polarized signal and the other for receiv-
ing a right-hand circularly polarized signal, a 180°-hybrid
can be adopted to subtract the signals from each other. This
arrangement expects the two antennas to be identical and co-
located. The schematic drawing for a 180°-hybrid is shown
in Fig. 1. It is a four-port network and the input signal at
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FIGURE 1. Schematic drawing of a 180°-hybrid.

port 4 is equally split in amplitude between ports 2 and 3 but
there is a 180° phase difference [33]. Ideally, no power is
directed to port 1, but in case of mismatches in other ports the
port 1 should be terminated to its characteristic impedance.
We consider connecting the antenna receiving a left-hand
circularly polarized signal to port 2 and the antenna receiving
right-hand circularly polarized signal to port 3, and using the
port 4 as an output. Hence, the scattering matrix for the ideal
hybrid reads [33]

o 1 1 0
=it o0 o0 -

5=t o o 1 (10)
0 -1 1 0

Assuming the incoming signal is either left-hand or
right-hand circularly polarized and multiplying the input
signals with the scattering matrix shows that the incoming
signals are divided between the output port 4 and the termi-
nated port 1. If the ambient transmitter is not using circular
polarization, and we assume the two receiving antennas to be
identical, the input signal is equal for both antennas. Multi-
plying the input signal with the scattering matrix shows that
all the ambient transmitter’s signal is directed to port 1 and is
absorbed in the terminating resistor. No signal is seen at the
port 4.

The 180°-hybrid works well in removing the ambient
transmitter’s signal, but the receiving antennas need to be
identical. To overcome the challenges in manufacturability,
an antenna design that incorporates both antennas in one
physical element is preferable. One such candidate is shown
in Fig. 2. A single microstrip antenna with two feeding points
combined with a quadrature hybrid is capable of receiving
circularly polarized signals [34]. The schematic drawing of
a quadrature hybrid is shown in Fig. 3. The input signal fed
into port 2 or 3 is equally split in amplitude between ports
1 and 4 with, however, a 90° phase difference. The scattering
matrix for such a quadrature hybrid is [33]

0 j 1 0

-1l; 0 0 1
Q_ﬁ 1 0 0 |- an

0 1 j 0

When the antenna in Fig. 2 is used at the receiver,
the left-hand circularly polarized signal appears at port 2 and
the right-hand circularly polarized signal at port 3. The
ports 2 and 3 from the quadrature hybrid are connected to the
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RHCP

LHCP

FIGURE 2. A dual-feed circularly polarized rectangular microstrip antenna.

N4

- Ld

Port 3 Port 4

M4

Port 2 Port 1

FIGURE 3. Schematic drawing of a quadrature hybrid.

corresponding ports in the 180°-hybrid. The signals from the
antenna are now connected to ports 1 and 4 of the quadrature
hybrid. The ambient transmitter’s signal a is still completely
removed, there is no signal at port 4 of the 180°-hybrid.
Therefore,

a=[1 0 0 1], (12)
P, =SQa")=[-14+j 0 0 0]". (13)

Figure 4 summarizes power transfer in an ideal case
between antennas that are using different linear or circu-
lar polarizations. The operating principle of our proposed
receiver antenna and the 180° hybrid construction is illus-
trated on the lower right part of Fig. 4. Only the circularly
polarized input signal produces an output signal whereas all
linearly polarized signals are canceled at the receiver. This
cancellation works perfectly regardless whether the lin-
early polarized signals are coming directly from the ambi-
ent transmitter or are reflections with unknown polarization
angles.

Antenna
ANA =1 polarizations:

| — / Linear

I’\/\/I=1

m— N\ N\SA = |
C D Circular

Crne D=0 ooy o

I ANs === =0

PV
45"

I s (C=n C’\/\/[C—O]:%(l-O):l/z
— e -n I W[C—D]Z%(VZ-I/Z)ZO
AS{/ e (O = _W[c_0]=vz(l/z-l/z):o

ASXW[C_DL%(%-%FO

FIGURE 4. Power transfer between antennas using different polarizations.

A prototype antenna and 180° hybrid construction for
2.44 GHz center frequency is shown in Fig. 5.
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FIGURE 5. A prototype antenna for 2.44 GHz to be used at the receiver.

B. BACKSCATTER DEVICE DESIGN

In the proposed design, the backscatter device has a linearly
polarized input antenna connected to a circularly polarized
output antenna through a modulator. The operation princi-
ple of the backscatter device is illustrated in Fig. 6. The
modulator is a voltage controlled RF-switch and the con-
troller is realized using a microcontroller to generate the
modulating waveform. The RF-switch used in this design
is a non-reflective single pole double throw (SPDT) or a
change-over switch. The functional diagram of the RF-switch
is shown in Fig. 7. As the modulation is realized by either con-
necting the two antennas together or isolating them from each
other, the non-reflective construction of the RF-switch helps
to minimize unwanted backscattering when the antennas are
not connected together. The receiving antenna is connected
to port marked as RFC on the RF-switch and the transmitting

RX

TX

AmBC Antenna
polarization:
»| Modulator I VorH
Tt
Controll .
ontreTer ’ Circular

FIGURE 6. Block diagram of the backscatter device.

B [2]1 |-, GND
RFC " [16] GND

AT, RF2
Ilﬂ
Ilﬁ
GND RF1

J:- PACKAGE BASE
FIGURE 7. Functional diagram of the RF-switch [35].
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FIGURE 8. The evaluation board for the RF-switch.

antenna is connected to port RF1. When the antennas are
not connected together, port RF1 is terminated with its char-
acteristic impedance. The port RFC is now connected to
port RF2 and it has to be terminated with its characteristic
impedance. Without the terminations, there is a possibility
that the antennas are reflecting the incoming signal back. This
would degrade the performance of the backscatter device by
introducing a background backscattering signal. It is possible
that the modulated signal leaks from the circularly polarized
output antenna back to the linearly polarized input antenna,
forming a loop back. However, there is a 3 dB attenuation
due to the polarization mismatch between linear and circular
polarization and the insertion loss of the RF-switch is added
to the total attenuation of the loop causing the loop back
signal to fade rapidly. The insertion loss of the RF-switch
at 2.44 GHz is 1.0 dB [35]. Antennas also have a structural
mode in addition to the antenna mode [36]. The structural
mode does not cause currents at the antenna feed and thus
are rescattering the direct signals. This rescattering is not
part of the modulated signal, but rather appears as a constant
background backscattered signal at the receiver.

A commercially available evaluation board for the selected
RF-switch was used to conduct the measurements [35]. The
evaluation board is seen in Fig. 8. The 50 © termination
resistor is seen on the left side of the circuit board. The
switch is controlled with control ports A and B visible in
figures 7 and 8. To feed the signal from the receiving antenna
on port RFC to the transmitting antenna on port RF1, port A is
connected to voltage of —5 V relative to ground, and port B
to 0 V. To feed the signal from RFC to the terminated port
RF2, port A is connected to O V and port B to —5 V.

C. COMPARISON OF DIFFERENT RECEIVER CONCEPTS

In bi-static AmBC systems the strong direct path signal
appears as an interference to the AmBC receiver. In addition,
reflected signals originating from the ambient transmitter
are also interfering with the same receiver. It is therefore
desirable that the receiver can at least attenuate the inter-
fering signals and in an ideal case be able to remove them
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TABLE 1. Comparison of different receiver concepts.

Concept Path 1 Path2 | Path 3 | Ref.
AN AN
1 1 1
2 2 2
bi=tlo i@ |es
NN ’\/\1[ - ]
i 0 0
Signal paths

1: Ambient transmitter — Backscatter device — Receiver
2: Ambient transmitter — Receiver
3: Ambient transmitter — Reflection — Receiver

completely. In Table 1, three receiver concepts with different
antenna polarizations are compared to each other according
to their power transfer efficiency, as well as resistance to both
the direct path and reflected path signal components.

The polarization mismatch problem becomes a factor
when the antenna polarizations of the ambient transmitter,
the backscatter modulator and the receiver differ from each
other [17, p. 2894]. While polarization mismatch between the
ambient transmitter and the receiver can be used to remove the
interfering direct path signal as in [28], a mismatch between
the backscatter modulator and the receiver decreases the
received power.

The first concept presented in Table 1 uses circular polar-
ization at the receiver while the backscatter modulator and
the ambient transmitter are using linear polarizations. While
the orientation of the backscatter modulator is no longer an
issue, the received power is now halved. Also, there is no
improvement regarding the direct path signal or reflected sig-
nal components other than the same halving of input power.

The concept proposed in [28] offers in theory a perfect can-
cellation of the direct path signal. An example based on the
proposed PR antenna design is listed as the second concept
in Table 1. Here, the polarization selection of the ambient
transmitter and the receiver results in a perfect cancellation
of the direct path signal. However, the polarization selection
also results in an unavoidable power loss to the useful signal
due to polarization mismatch between the ambient transmitter
and the backscatter modulator and a second time between the
backscatter modulator and the receiver. As claimed in [28],
the use of a PR antenna also significantly reduces the effect of
reflected signals as the receiver is able to select among several
messages transmitted using different antenna polarizations.
Unfortunately, the angle of the reflections cannot be con-
trolled, thus the reduction of the reflected signals will always
be a function of the polarization angle ¢ of the reflection.

The third concept in Table 1 is our proposed AmBC sys-
tem. The signal path from the ambient transmitter to the
backscatter modulator and finally to the receiver does not
suffer from additional power loss as there are no polarization
mismatches between the steps. There is a 3 dB power reduc-
tion due to the 180°-hybrid. As with the second concept, our
proposed system is also able to completely remove the direct
path signal. The reflected signals, although their polarization
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angles vary, are in theory completely removed as well as
shown in (13).

IV. FREQUENCY SENSITIVITY ANALYSIS

The functional analysis in the previous section was based on
the assumption that all the components are ideal. However,
the construction of a 180°-hybrid and a quadrature hybrid
on a circuit board is frequency dependent. If the operating
frequency deviates from the design frequency, the removal
of the ambient signal is no longer perfect. The scattering
matrices for the ideal hybrids can be found on numerous
textbooks, Equations (10) and (11) respectively, but now we
need to analyze the non-ideal situation where the hybrids’
operating frequency deviates from the design frequency in
order to find out the usable bandwidth where the removal of
the ambient signal is still large enough.

The properties of a quadrature hybrid can be analyzed
using an even- and odd-mode analysis. The quadrature hybrid
has a symmetry plane as shown in Fig. 9. The quadrature
hybrid is divided in two two-port networks along the symme-
try plane and it suffices to analyze only one of the two-port
networks. The two-port network for even- and odd-mode
analysis is shown in Fig. 10. The two-port network is split
up into its three parts: a A/8 stub, a A/4 transmission line,
and a second X /8 stub. The stubs and transmission line seg-
ments are set to correspond to the wavelength at the design
frequency. For an even-mode analysis, the stubs are left open
and for odd-mode analysis the stubs are short circuited. The
quadrature hybrid is analyzed in terms of two equivalent
two-port networks, one for even-mode and one for odd-mode.
The complete solution is obtained by combining the even-
and odd-mode scattering parameters. The hybrid circuits are
analyzed in detail in [33] and [37].

Port 3 Port 4

Symmetry
plane

Port 2

FIGURE 9. Symmetry plane of a quadrature hybrid.

Port 1

Open and short circuit symmetry plane
INS
Z

—» -
Al N4 Al

(T (T (T

FIGURE 10. Even and odd mode 2-port network for a quadrature hybrid.

Port 2 Port 1
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A symmetrical four-port network can be analyzed in terms
of even and odd modes with respect to the plane of symme-
try [33]. The transmission parameter matrix T, or ABCD-
matrix, is used to obtain the transmission and reflection
characteristics of the hybrids. The circuits are split up into
three parts, representing the stubs and the series quarter
wavelength transmission line. The propagation coefficient of
a transmission line is ¥y = « + jB. The parameter « is the
attenuation constant and S is the phase constant. For a lossless
transmission line « = 0. The phase constant for the ideal
case analysis was set to f€ = (2mn/A)(A/4) = /2 where
£ is the length of the line. In order to analyze the effect of
frequency deviation, the phase constants are changed to f¢ =
(27 /A)(Ao/4), where A is the wavelength of the frequency of
interest and Ag is the wavelength of the design frequency.

The odd mode analysis for a quadrature hybrid with short
circuited A /8 stubs is

Z =2 (14)
A = T —=»
V2
M | o]
T] = Zy ik (15)
| jZo tan(w Ao /4A) |
o [ cos(mho/2Xh)  jZasin(wAg/2M) (16)
27 |jsin(wAo/20)/Za cos(mrg/2Ah) |’
ol X o]
TS = Zy ik (17)
| jZo tan(r Ao /42) i
T = T T3 - T3 (18)
[Aoad  Bodd
= . 19
| Codd Dodd:| (19)

The parameters T{ and T§ are the transmission parameter
matrices for parallel admittance, where the admittance term is
the short circuited A /8 stub. T% is the transmission parameter
matrix for a A/4 transmission line segment.

The even mode analysis for a quadrature hybrid with open
ended A /8 stubs is

1 0
T] = Zy , (20)
| —jZy cot(mrAg/4N)
T¢ — [ cos(mAg/20) JZa sin(nAO/ZA):| @1
27 |jsin(Ao/20)/Za cos(mig/2)0) |’
i 1 0
TS = Zy , (22)
| —jZy cot(mrAg/4N)
T =TS T - T (23)
1 2 3
Aeven Beven
B _Ceven Deveni| . @4)

The parameters T{ and T§ are the transmission parameter
matrices for parallel admittance, where the admittance term
is the open ended 1 /8 stub. T is the transmission parameter
matrix for a /4 transmission line segment. The scattering
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parameters for a two-port network are calculated as [37]
e o_ (A—D)+(BY,—CZ)
5. =5 = s
"' (A+ D)+ (BYy + CZp)
2

s¢ = , (26)
/™ (A+ D) + (BY, + CZ)

(25)

e
Sf

where 57" and 57" are the reflection and transmission coeffi-
cients for even and odd modes, respectively. Considering the
quadrature hybrid network with an incident wave at port 1,
there will be reflected waves at all four ports. Since the circuit
is linear, the incident wave at port 1 can be constructed as the
sum of even- and odd-mode components, and their difference
giving a zero incident wave at port 4. The four reflected waves
are then

s¢ + 59
b = —1, 27
1 5 27
s6 + 59
by = u’ (28)
2
56 — 59
ff
by = 29
3 7 (29)
s¢ — ¢
by = - L. 30
4 5 (30)

The quadrature hybrid has a high degree of symmetry and any
port can be used as the input port. The output ports will always
be on the opposite side of the input port and the isolated
port will be the port remaining. The scattering matrix for a
quadrature hybrid is obtained as a transposition of the first
row, i.e.,

b by by by
b2 by by b

Q=lu, b b b G
by by by b

The even- and odd-mode analysis for a 180°-hybrid is
carried out similarly as the analysis for the quadrature hybrid.
The stub lengths are now A /8 and 31 /8.

Zaub =22, (32)
Zseries = ‘_/EZO, (33)
1 0
T} = 2o , (34)
| JZstub tan(zz Ao /42)
T — cos(mro/22) JZseries SIN(IT Ao /2)
2= _j Sin(mwAo/21)/ Zseries cos(mwAg/2A) '
(35)
i 1 0
Tg = Zy , (36)
| jZstub tan(37 Ao /41)
T = T(l) . T(z’ . Tg 37
[Aoad  Bodd
= , 38
| Codd Dodd:| (38)

The parameters T{ and T§ are the transmission parameter
matrices for parallel admittance, where the admittance terms
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are the short circuited A /8 and 31 /8 stubs. T} is the transmis-
sion parameter matrix for a A /4 transmission line segment.

1 0

Ti = VA , 39)
| —JZstb cOU(TT Ao /4A)

Te — ) cos(ro/22) JZseries sin(r )‘0/2)¥)i| (40)

2 J SIn(T A0/22) / Zseries cos(mwro/2A) '

i 1 0

Tg = Zy , 41
| —JZstub cot(3mwAg/4A)

T¢ = Ti . T; . Tg 42)
Acven  Beven

N _Ceven Devenj| ’ 43)

T{ and T§ are the transmission parameter matrices for parallel
admittance, where the admittance terms are the open ended
1/8 and 31 /8 stubs. T% is the transmission parameter matrix
for a A /4 transmission line segment. The scattering parame-
ters for a two-port network are calculated as

2 Aeven + (BYy — CZ)

5¢ = , (44)
BY, + CZ
—2A BYy — CZ
S:-) _ even T ( 0 0)’ (45)
BY, + CZ
2
e~ = o = —’ 46
YTV T BY+ C2o (46)

where s7"? and 57"’ are the reflection and transmission coef-
ficients for even and odd modes, respectively. The four
reflected waves become

b= S @7
T
56+ 59

by = L, (48)
s¢ + 59

by = L "L, 49

3 2 (49)
56— 8

by = f2 L (50)

and the scattering matrix for a 180°-hybrid reads

by by b3 by
b by by —b;
by by by by
by —b3y by by

S = (51)

In an ideal situation, the signal of the ambient transmit-
ter is perfectly removed at the receiver end. The isolation
between the backscattered signal and the ambient signal
is infinite. However, the isolation starts to degrade when
the frequency of the backscattered signal deviates from the
design frequency or the bandwidth of the bacscattered signal
is increased. By using these new scattering matrices Q and S,
Equations (31) and (51) correspondingly, in (13) instead of
the ideal ones, the effect of frequency deviation or increase
in bandwidth is seen as the isolation comes down. Fig. 11
shows how the isolation is degrading as the bandwidth of the
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FIGURE 11. lIsolation of the antenna system vs. bandwidth percentage.

FIGURE 12. Measurement setup in the an-echoic RF-chamber.

signal compared to the design frequency is increased. The
bandwidth is expressed as a percentage value of the design
frequency. The proposed system offers more than 35 dB iso-
lation between the backscattered and ambient signals, if the
bandwidth is less than one percent.

V. PERFORMANCE EVALUATION
The measured reflection losses for the prototype antennas are
presented in Fig. 13. The circularly polarized antenna used
in the backscatter node has return loss better than —20 dB
at the 2.44 GHz frequency. The antenna and the 180°-hybrid
combination used at the receiver exhibits poorer performance.
The return loss at the same frequency is only around —6 dB.
The insertion loss and corresponding phase response of 180°-
hybrid was measured separately. The results are presented
in Fig. 14. The insertion loss is even across the frequency
range of interest and the phase difference between ports
2 and 3 is almost constant 180°, as it should be. The phase
difference at the 2.44 GHz frequency is 180.6°.

The performance of the proposed system was eval-
uated using the antenna prototype shown in Fig. 5.
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FIGURE 13. Measured return losses for backscatter device and receiver
side antennas.
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FIGURE 14. Measured insertion loss and phase response for the
180°-hybrid.

The measurements were carried out in an an-echoic RF-
chamber, the distance between the ambient transmitter and
the receiver was five meters. The backscatter device was set
on the line between the transmitter and receiver. The ambient
transmitter is on the right side of Fig. 12, the receiver antenna
is on the left side, and the backscatter device is in the middle
of the picture. The measurement setup was chosen to be the
worst-case scenario, as the ambient transmitter is now directly
in front of the receiver antenna, where the receiver antenna
gain is at its highest.

The ambient signal used in these measurements was
an unmodulated 2.44 GHz carrier wave generated with
Rohde&Schwarz SMBV100A Vector Signal Generator. The
backscattered signal was a 50 kHz OOK square wave. The
evaluation board of the backscatter device was controlled
with Arduino Mega 2560 and the signal was received with
NI USRP-2932 software-defined radio. The measurements
were conducted with two different antenna setups. In both
the measurements, the ambient transmitter antenna and the
receiver antenna of the backscatter device were linearly polar-
ized whip antennas. In the first measurement, the transmit-
ting antenna of the backscatter device and the antenna at
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FIGURE 15. Compensated ratio of reflected and direct path power.

the receiver end were circularly polarized patch antennas,
including the 180°-hybrid at the receiver. In the second mea-
surement also these two antennas were linearly polarized
whip antennas. Both antenna setups were measured, and the
ratio between the direct path power and reflected power at
the receiver were recorded. The reflected part of the signal
observed at the receiver was separated from the direct path
signal with a comb filter.

The reflected power values at the receiver were not the
same for both antenna types. The difference in observed
reflected power can be explained by difference in antenna
gains, and slight antenna misalignment. The antenna gains
for circularly polarized antennas include the losses caused
by the hybrids. With accurate alignment, the difference due
to the antennas was roughly 2.5 dB in favor of the whip
antennas. Despite the 180° hybrid causing a 3 dB loss for
the circular polarization case, the smaller difference can be
explained with increased directivity of the circular polar-
ization antennas. However, when measuring the reflected
power, the antennas were rarely aligned that well, making
the difference larger. To take this into account, an additional
measurement was done in every position. After measuring
the backscattered signal, a —20 dBm signal was fed straight
to the backscatter switch without moving the antennas, and
the power was measured at the receiver. This was done with
both the whip antennas and the patch antennas. The difference
in each position is assumed to consist of antenna gains and
misalignment losses, which are taken into account in the
results.

When the misalignment and different antenna gains are
compensated, the reflected powers for whip and patch anten-
nas are very close. The direct path signal powers were
—44.2 dBm when using the whip antenna at the receiver
and —71.8 dBm when using the patch antenna at the
receiver. With the misalignment compensated, the ratio of
reflected and direct path signals is on average 25.3 dB higher
in the circular polarization case. The compensated power
ratio measurements are presented in Fig. 15. The fitted lines
are minimum mean squared error estimates of form A/ (rg( .
rrzx), rx and rix being the distances from the backscatter
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device to the transmitter and receiver correspondingly, and
A being a fitted constant. This model corresponds to the
power-ratio depicted in (4), when all constants are merged
in to the parameter A.

VI. CONCLUSION

In this paper, we proposed a method to separate the direct and
scattered path components in AmBC system by introducing
polarization conversion between them. Our design is targeted
for scenarios where the ambient signal source uses linearly
polarized antennas. We proposed a simple backscatter device
capable of doing on-off-keying that converts the linear polar-
ization to circular polarization. For the receiver, we proposed
adual-polarization system consisting of a circularly polarized
antenna and a 180°-hybrid. The receiver estimates the Stokes
parameter V, i.e. the difference between right- and left-hand
circularly polarized field strengths. Hence, a linearly polar-
ized ambient signal is canceled out, while the circularly
polarized backscattered signal is received. Due to the ambient
signal cancelling properties of the dual-polarization arrange-
ment, also reflected signal components originating from the
ambient transmitter are cancelled out.

In practice, the antenna is never ideal so the linearly polar-
ized direct path component cannot be completely cancelled at
the receiver. Factors that affect the performance include the
symmetry of the receiver gain for the right- and left-hand cir-
cularly polarized fields and bandwidth of the ambient signal.
The manufacturing accuracy of the dual-polarization antenna
system affects directly the isolation between the ambient
and backscattered signals. Even if the left- and right-hand
circularly polarized signal paths are symmetrical, but the fre-
quency of operation is not the same as the design frequency,
the isolation worsens as seen in Fig. 11. We showed that
in an-echoic RF-chamber, our proposed setup could achieve
more than 25 dB isolation between the backscattered com-
ponent and the ambient component for narrow band signals.
Despite the imperfections in manufacturing the antenna and
hybrid circuit prototypes, our design is based on robust oper-
ation principles. The proposed system concept can thus help
to reduce the required dynamic range for the AmBC receiver.
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