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Abstract: The paper investigates the performance of a full analog self-jammer canceller able to
operate in UHF RFID devices. The scheme has been realized using only SMT devices avoiding
custom designed components. The paper analyzes the theoretical performance and experimental
validation using a modular microwave technology approach.
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1. Introduction

Radio-frequency identification (RFID) is a widespread technology used to identify and track
objects where small and usually passive tags are installed. Passive and batteryless tags are activated by
a continuous wave (CW) radiated by a reader and respond generating an iso-frequency backscattered
field. These operations are simultaneous as the CW signal is requested to energize the tag while it
answers to the reader, but the powers of the signals generated and received by the reader are quite
different by several order of magnitudes. There are few ways to conveniently separate the transmitter
and receiver paths as there are no separated frequency bands for the RF link. Tx and Rx paths can
share a single antenna using a circulator or a directional coupler or two separated antennas can be
used for receiving and transmitting. Dealing with real components, the actual separation can be too
low as the transmitted and received signals are several orders of magnitude different and the CW
signal generated by the transmitter can easily jam the receiver. This imposes heavy constraints on the
low-noise amplifier stage in terms of dynamic range to avoid its saturation and the desensitization
of the receiving channel. Several techniques have been proposed to mitigate this phenomenon that
are not limited to the RFID (Radio-frequency Identification) system, where the use of a back-scatter
communication exaggerates the effects, and several patents have been issued, for example [1] [2] .

1.1. Discussion of related work and contribution

Different approaches have been followed to try to improve the isolation between the transmitter
and the receiver sections in RFID systems [3] [4], but some key points are very different from other
applications. As the RF link is full-duplex, modern RF switches are not usable thus renouncing to
a very high isolation degree, but fortunately, as communications are over short or very short range,
the receiver can tolerate a high noise figure (up to several tens of dB [5]). The solutions proposed in
literature can be divided into:

1. analog approaches with the need for custom design of some key elements [6] [7] [8][9]
2. digital approaches with the need for custom design of active cancellation systems of different
complexities [10] or recurring to custom integrated designs as [11]
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The purpose of this work is to propose a novel full-analog self-jamming canceller scheme and verify its
feasibility using off-the-shelf components and an innovative modular microwave technology, without
resorting to custom design.

2. Materials and Methods

A generic analog self-jam canceller is reported in Fig. 1 where a transmitter and a receiver share
the same input/output port using hybrid couplers as isolating combiners. If all the devices are ideal,
the TX/RX isolation is theoretically infinite, if a transmitter injects a signal S;,, into the circuit at port 1,
the corresponding output signal can be written as:

Sout = SinS31521¢541 + SinS41521cS42 = SinS21c(S31541 + SinS41542) = —jSinSa1c (1)

where 51, is the corresponding scattering parameter of the circulators, supposed to be equals, and
S31, 541, Sap are the corresponding scattering parameters of the hybrid couplers.
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Figure 1. Generic Anti Self-Jam

A signal from port 2, S, is transferred to port 3 (receiver port) as:
Srec = 5r514521cS42 + 5r524521c541 = 5¢521¢(514542 + 524541) = —jS:S01c ()

The theoretical signal arising from port 1 to port 3 is:

1 1
Siso = Sin531531cS42 + Sin 541531541 = Sin531c(§ - 5) =0 3)

results indicate a nearly perfect isolation and a very low loss path from port 1 to port 2, as indicated in
Fig. 2

Some strong assumptions have been made in the previous analysis, the two circulators are
assumed to be identical and the same is true for the three hybrid couplers. Moreover, not only the
couplers have been considered equal, but perfectly matched and with an infinite isolation between
ports 1,2 and 3,4. Using actual devices the situation changes deeply. A finite isolation between the
input ports of the hybrid couplers, usually worse than the reverse isolation of a generic circulator
operating in the same band, creates two spurious paths that make the isolation between the transmitter
and receiver ports of the circuit vanish. In fact, neglecting relections, it is possible to write:

Siso = SinS31531cS42 + SinS41531541 + SinS315%1:521541 + SinS41551:512542 (4)

thus, the isolation can be put as:

Siso = SinS31c (531542 + 5412) + SinS41531c (S31521 + S12542) ®)
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Figure 2. Generic anti self-jam performance
SO
Siso = SinS31c (531542 + 5412> + SinS01S31c (S31521 + S125m) # 0 (6)
as and hybrid coupler is a passive and reciprocal device, Sp; = S13, Eq. 6 can be rewritten as:
Siso = SinS31c (531542 + 5412) + SinS115%1:521 (S31 + Su2) # 0 @)

If the isolation of the circulators can be assumed to be high enough, the dominant contribution to S;5,
is due to the isolation of the hybrid coupler connected to port 2 of the schematic. It is to be remarked
however that eq. 7 does not take into account reflections that still exist. Replacing the ideal hybrid
couplers with actual devices, specifically Mini-Circuits QCN — 12A, the performance degrades, as
reported in Fig.3 the cancellation is quite similar to the isolation parameter of the hybrid coupler
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Figure 3. Generic anti selfjam performance with actual hybrid couplers in place

reported in Fig.4
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Figure 4. Isolation performance of QCN12A Hybrid Coupler

2.1. Proposed solution

The topology of Fig.1 can be conveniently modified in order to try to overcome the intrinsic
limitation due to the nature of the actual devices. Looking at Figure 5, the transmitted signal injected
into port 1 is split in two separated and specular branches out of phase. The first, the upper, sees the
signal travelling through a circulator and toward port 3 of an hybrid combiner. The signal coming
from the lower branch terminates into port 2 of the same hybrid combiner. The signals, that are 180
degrees out of phase are combined by an additional 90 degree phase shift. These signals are ready to
be used for powering, as an example, a sequentially rotated patch array in order to generate a circular
polarized beam without the need for an external 180 degree hybrid. The signal injected in port 1 that is
split in two anti-phase branches reaches ports 3 of the circulators and is summed. The spurious paths
from port 1 of the circuit to port 2 and 3 of the zero degree power combiner, passing through port 3
and 2 of the 90 degree output hybrid combiner cancel each other at port 3 (RX) of the circuit. Signals
coming from port 2 and 4 of the circuit are combined through the hybrid combiner and summed at
port 3 of the circuit.
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Figure 5. Proposed solution

The circuit can be analyzed in detail splitting it in three main parts: the input network made by
the 180 degree splitter and the circulators, the 90 degree hybrid combiner and the zero degree combiner
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on the receiving path. With reference to Fig.6 green, red and dashed red arrows represent respectively
direct, undesired and reflected signals. Considering the hybrid combiner terminated in matched loads,
the transmitted wave b3 on the upper path can be written as:

b3 ~ 541567532 + 521566532 + S31 (8)

while the transmitted wave bs on the lower path can be written as:
bs ~ 521576554 + 541577554 + S51 9
the output signal, that is the isolation contribution, S;;, can be described as:
Siso & S1311b3 + S1312b5 (10)

some considerations can be made: the hybrid combiner is a passive and reciprocal network,so
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Figure 6. Circuit separation for analysis

Se¢y = Sy7¢ while it can be assumed that Sz = S5y = S, and Sy1 =~ —S41 = S;, with S, and S; as the
scattering parameters of the forward path of the circulators (from port 2 to port 3 of the devices) and
the path from port 1 to port 2 of the circuit respectively. Eq. 8 can be written as:

b3 = S4So (Se7 — Se6) + S31 (11)
and Eq.9 as:
bs = SoS4 (—S76 + S77) + S51 (12)
if S1311 &~ S1312 = Ssum than:
bs = SoS4 (—S76 + S77) + S51 (13)

for the zero degree combiner it can be assumed that S1311 = S1312 = Ssum so that the isolation can be
written as:

Siso = SiSoSsum (Se7 — Se6 — Se7 + S77 + S51 + S31) = S3SoSsum (—Se6 + S77) + SaSoSsum (Ss1 + S31)
(14)
Eq.14 suggests that if S¢s = S77 and Ss5; = —S3; then the isolation could be infinite, but there are
also other favorable combinations as in actual devices the Sy, parameters can be of the same order
of magnitude of circulators isolation obtaining |S;S,Ssum (—Ses + S77) | =~ |S4S0Ssum (Ss1 + S31) |-
Isolation is theoretically granted even if ports 1 and 4 of the hybrid coupler are closed with equal but
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mismatched loads. In this case the contribution due to the reflected waves from the transmitter are
summed in out of phase at the receiver power combiner.

3. Simulated and Experimental Results

The circuit has been simulated with NI-AWR Microwave Office [12] using the measured and
available scattering parameters of the selected devices that are all SMT, low cost cots units:

Mini-Circuits TCN2 — 122 Balun

Skyworks MAFR000688 Circulators

Mini-Circuits ADP-2-10 in-phase Power Combiner
Mini-Circuits QCN-12A 90 degree Hybrid Combiner

The simulated performance of the circuit is reported in Fig. 7 where the isolation from transmitting
and receiving ports is well over 30 dB from 860 to 960 MHz. The insertion losses from ports 2 and 4
to port 3, the receiver, is quite similar to the insertion loss from port 1 to ports 2 and 4 and around
4.5 dB. Moreover, results predicted by Eq.10 are reported in Fig.8 together with those coming from

Performance
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Figure 7. Simulated performance

the simulation of all the circuit and are very close each other within an error of 0.2 dB. The actual
carrier over interference ratio at the receiver port is reported in Fig.9 where it is clearly visible an
average isolation of about 35 dB all over the bandwidth. The scheme has been realized using an
innovative rapid prototyping and modular technique by X-Microwave [13]. The circuit has been
sectioned into smaller drop-in parts called X-MWblocks and each one is devoted to a specific task
as clearly visible in Fig. 10. The proposed technique allows rapid and reliable prototyping and the
opportunity to tune the hardware without having to redesign each time. Each drop-in has been
realized with a 49 mil 4-layer stackup PCB using 8 mil Rogers RO4003 substrate as top Core. The
input port of the circuit, port 1, is probed with a high performance 2.92 mm connectorized microwave
probe (X-MWprobe). The RF probe is connected to a dedicated 0409 format pcb (i.e. 4x9 grid spaces),
using CPWG (Coplanar Waveguide with Lower Ground Plane) microstrip transmission, populated
with a Mini-Circuits TCN2 — 122 Balun. The Skyworks MAFR000688 circulators have been integrated
on two 1009 format pcb’s and the connections with the TCN2 — 122 have been granted by two 50
Ohm "S" shaped transmission lines. Ports 2 of the circulators have been connected to the cascade of a
couple of small transmission lines having the main function to realize the RF paths, but to be easily
replaced with other components, if necessary. Two auxiliary 0409 format "S" shaped transmission
lines close the electrical paths from the transmitter port to the QCN-12A 90 degree hybrid combiner
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Figure 8. Simulated isolation performance and theoretical results comparison
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Figure 10. Overview of the circuit from above

integrated on a dedicated 0409 format board. The output ports of the hybrid combiner are connected
to two high performance 2.92 mm probes. Ports 3 of the two circulators are connected to the pcb
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with the Mini-Circuits ADP-2-10 in-phase power combiner on board through two phase-matched
hand formable coaxial cables. All the interconnections between the boards are performed by a special
ground-signal-ground jumpers (gsg jumpers) that are small pieces of polyimide material with copper
traces that are shaped to mantain 50 ohm impedance while bridging the 5 mil air gap from launch to
launch of adjacent boards. The copper traces are coated with diamond particles and then gold-plated
creating diamond particle interconnect. The gsg jumpers are then laid across each port of two boards
and two anchors are used to hold them firmly against the PCB on each side of the connection as clearly
visible in Figure 11. Every microstrip PCB is screwed to a metal prototype plate using dedicated screws

Figure 11. Detail of PCB interconnection with one jsg jumper removed

in order to obtain a mechanically robust assembly while assuring a very good ground path to all the
devices. The circuit has been characterized using a Keysight PNA-X N5247B 67 GHz Vector Network
Analyzer [14] extracting the 4-port matrix of the circuit as visible in Figure 12. The simulated and
measured input matching of the 4-port circuit are reported in Figure 13
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Figure 12. Characterization set-up with the VNA in place
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Figure 13. Experimental and simulated input matching

while the simulated and measured insertion losses of the transmitting paths are reported in 14
where the difference between the theoretical and actual values are within 1 dB. The isolation between
the input port (transmission) and the receiver port is visible in Figure 15. The experimental data
concerning the isolation parameter are slightly better than the simulated by ~1.5 dB
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Figure 14. Experimental and simulated insertion losses of the transmitting path
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Figure 15. Simulated isolation and experimental result comparison

The carrier over jammer suppression performance of the scheme is visible in Figure 16 where the
actual performance is slightly better than the simulated within 0.5 to 3 dB over the entire bandwidth.
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Figure 16. Experimental and simulated carrier over jammer suppression

4. Discussion

In this paper a novel low-cost full analog anti self-jam circuit suitable for UHF RFID has been
presented. The theory has been developed with the exclusive use of low-cost components in SMT
technology without requiring specific or custom design. The validation has been carried out through
the innovative modular technology made available by X-Microwave through which it was possible to
create a prototype and verify its performance in a very short time obtaining even better results than
those expected from the simulation. The next step is to optimize the circuit, having surely margins
available, in order to reach a compact and performing circuit.
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Abbreviations

The following abbreviations are used in this manuscript:

CPWG Coplanar Waveguide with Lower Ground Plane
CW Continuous Wave

PCB Printed Circuit Board

UHF Ultra High Frequency

RFID Radio-frequency Identification

SMT Surface Mounting Technology
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