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Abstract—Merging developments in RFID and wireless sensor
networks have increased the interest in using backscatter radio
for tag-to-tag communication. Low power consumption is a major
concern, often limiting the choice to incoherent receivers such
as diode envelope detectors. Link budget calculations require
receiver sensitivity specifications, however accurate characteri-
zations are scarce. In this work, we show that the receiver
sensitivity is strongly related to the exciter incident power. Full-
range analysis of a zero-bias diode detector shows a decreasing
noise factor at higher incident powers, which leads to improved
sensitivity. On the other side, at strong incident powers, the phase
noise of the exciter interferes with the received signal, setting
an lower bound to the sensitivity of the backscatter receiver.
This work proposes a semi-passive RFID tag capable of 1kbps
to 10kbps data rates in the 434MHz band using off the shelf
components. The tag has a low power consumption of 85µW
during receive, 45µW during transmit and less than 4µW in
sleep. The receiver sensitivity at 1kbps shows a 25dB variation
as a function of exciter incident power between -50 to 10dBm,
while a peak sensitivity of around -80dBm is measured at an
incident power of -25dBm.

Index Terms—Semi-passive RFID tags, Backscatter, Tag-to-tag,
Radio Transceivers, Wireless sensor networks

I . I N T R O D U C T I O N

Modern IoT applications demand more power- and energy-
efficient radio transceivers, such that sensor nodes can perform
more communications or have a longer battery life. Backscatter
radio, as exploited in UHF RFID tags, is gaining interest for
sensor networks because of the significantly lower cost in data
transmission. However, the communication range of classic
RFID systems is limited by high r4 path loss in mono-static
links [1], which limits the range to around 10 meters [2].
However, in dislocated bi-static backscatter the exciter and
receiver are separated [1] which allows for significantly better
range [3].

Applying bi-static backscatter to low power tags, as is done
in tag-to-tag networks, would allow the use of multi-hop routing
[4], [5]. Multi-hop communication allows such tags to use
their neighbours to extend their range, similar to wireless
sensor networks [6], [7]. However, utilizing this networking
scheme requires low power backscatter receivers to be placed
on each tag, which must be sensitive for large range operation.
These backscatter receivers must filter the scattered signal of

a neighbouring tag from the much stronger incoming exciter
incident wave, requiring a high dynamic range [8].

In addition, RFID receivers suffer from noise floor limi-
tations introduced by exciter phase noise [2], often referred
to as self-interference [9]. Mono-static RFID readers have the
advantage of self-interference cancellation [10], allowing RFID
readers to have receive sensitivities of -84dBm [11]. However,
backscatter receivers placed on tags do not have this advantage
and must deal with noisy channel conditions [12]. In addition,
high incident powers up to 0dBm can be present at the receiving
tag, which can be calculated using the power-up link budget
for tags placed 1–2 meters from a 30dBm 868MHz exciter
[1]. This incident power imposes strict requirements on the
dynamic range of the tag’s backscatter receiver [2], [8].

Bi-static link budgets for backscatter systems are well
established in [1] and backscatter communication up to hundred
meters has been demonstrated with sensitive active receivers
[3]. In contrast, the range of tag-to-tag networks is typically
in the order of several meters [6], [7] as the link budget is
limited by poor receiver sensitivity of passive detectors [13].

The main contribution of this paper is the analysis of a
backscatter receiver design suitable for integration on semi-
passive RFID tags while resolving signals down to -80dBm at
1kbps. We will show that the receive sensitivity of a backscatter
receiver placed in tag-to-tag networks cannot be expressed
using only a single measurement. A 20–25dB variation in
sensitivity has been observed as a function of incident power,
which significantly influences link budget calculations.

The model will show that the sensitivity of diode detectors
fundamentally improves with increased exciter incident power,
however, is ultimately limited due to exciter phase noise. This
contribution nuances existing backscatter literature which hy-
pothesized that backscatter receivers with less exciter incident
power will perform better [8].

I I . O U T L I N E

The outline of the paper is as follows. In section IV we
create a model that describes the power envelope in a tag-
to-tag backscatter system. A proposed backscatter transceiver
design and sensitivity model is discussed in section V. Analysis
of the analog sections of the receiver is discussed in section
VI, using a non-linear diode model to calculate the output
amplitudes. Based on the baseband processing circuits, a noise978-1-7281-5576-0/20/$31.00 ©2020 European Union
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floor model is created with influences of the receiver and exciter.
Low-power digital processing will be discussed in section VII,
which includes a bit error rate simulation to determine the
required SNR of the receiver. Then in section VIII, analog and
digital analysis are combined to derive a minimum detectable
signal model, which will be verified with experiments.

I I I . R E L AT E D W O R K

Backscatter receivers placed on tags must be low cost and
low power. Common receiver implementations utilize passive
envelope detection, such as CMOS or diode-based detectors
circuits. These are commonly used in backscatter receivers
[6]–[8], [14]–[16] and wake-up receivers [13]. In discrete
wake-up receivers, which often utilize amplitude modulation,
receive sensitivities are typically -45 to -55dBm at bitrates
of 1–100kbps [13]. Discrete wake-up receivers with high
sensitivities of up to -90dBm [17] have been demonstrated,
however, they make use of an LNA with an IP1dB of only
-54dBm, despite the high active power consumption of 1mW,
which makes the use of LNA based receivers unattractive in
low-power backscatter receivers.

In contrast to the wake-up receiver literature, sensitivity
characterisation of backscatter receivers is seldom documented.
Single measurement points have been documented in [8] and
[18], showing receivers that operate at a 0.6% modulation index
with −20dBm incident power [8], and 2.5% modulation index
with −45dBm incident power [18].

Exciter phase noise plays a crucial role in the optimisation
of the dynamic range in backscatter systems. Line encodings
such as Manchester, FM0 or Miller are used for their frequency
modulation spectral properties [2], [12]. The introduction of a
frequency offset (e.g. subcarrier) avoids that the signal content
battles with high phase noise near the exciter tone. Although
this technique lowers the interference from phase noise, it
assumes that the low-power receiver has sufficient bandwidth
and high selectivity capabilities [2]. Therefore low complexity
line encodings are common in tag-to-tag networks, such as
Miller with M=2 [6] or FM0 encoding[7], [19].

I V. B A C K S C AT T E R P O W E R E N V E L O P E M O D E L

A tag-to-tag communication link is shown in Fig. 1, in
which an exciter provides an incident wave to the scattering tag
(TX) and receiving tag (RX). The scattering tag can modulate
information by changing the load impedance on its antenna to
absorb or reflect the incident field. At the receiver two signals
arrive superimposed, namely Ptag = PTL(det)L(dtr) from the
scattering tag, and Pe = PTL(der) from the exciter. In both
equations L(d) describes the signal path loss over a distance
d, which can be calculated using the Friis path loss equation.

The powers Ptag and Pe are correlated [20], however, they
arrive with different amplitudes and phases. An incoherent
envelope receiver can only measure the amplitude of the
power envelope, therefore Ptag and Pe must be in phase for
constructive addition of the power envelope, or anti-phase
for destructive addition. Phase cancellation occurs in case
of no observable amplitude variation in the power envelope

Fig. 1. Dislocated bi-static backscatter configuration, where tag-to-tag com-
munication is shown between a scattering tag (TX) and a receiving tag (RX).

[21]. Phase cancellation can be resolved at the transmitter
by making use of 2 orthogonal phase channels [6]. To focus
on the properties of the receiver, it will be assumed that
perfect constructive and destructive addition at the receiving
tag occurs.

The received signal at the receiver is a superposition of the
exciter incident wave and the backscattered signal. Deviation
in the power envelope is denoted with αi, which is defined
for each symbol with index i. The voltage at the input of the
receiver Vrx,i is then:

Vrx,i(t) =
√

2RAPecos(2πfet)+αi

√
2RAPtagcos(2πfet+φ)

(1)
with fe the exciter carrier frequency, RA the antenna source
impedance, αi ∈ [−1, 1], φ ∈ [−π, π] indicating the phase
mismatch between Pe and Ptag. It is assumed that φ = 0 for
when phase cancellation is successfully mitigated. With that
assumption, the amplitude of Vrx,i is:

V̂rx,i =
√

2RAPe + αi

√
2RAPtag (2)

Then the received power at the receiver can be written as:

Prx,i(Pe, Ptag) = (
√
Pe + αi

√
Ptag)2 (3)

In ASK backscatter modulation, the scattering tag only intro-
duces a single deviation, e.g. α0 = 1 and α1 = 0. In BPSK
backscatter modulation, the scattering tag may use α0 = 1
and α1 = −1, such that the 2 symbols introduce a positive
and negative deviation (respectively) of the received power
envelope, resulting in a higher modulation efficiency [22].
For a transmitter modulating between these 2 symbols, the
modulation index for DSB-LC AM is defined as:

m =
V̂rx,1 − V̂rx,0
V̂rx,1 + V̂rx,0

=
(α1 − α0)

√
Ptag

2
√
Pe + (α1 + α0)

√
Ptag

(4)

which for backscatter BPSK (α0 = −1, α1 = 1) is:

m =

√
Ptag

Pe
(5)

It is assumed that 0 ≤ m < 1, thereby Pe > Ptag . For backscat-
ter BPSK, Ptag = m2 · Pe. For example, a tag close the exciter
may receive Pe = -10dBm, while a scattered signal of only
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Ptag =-70dBm is received. The receiver must then resolve
a dynamic range of 60dB, resulting in a voltage modulation
index of only m = 0.1%.

V. B A C K S C AT T E R T R A N S C E I V E R

Each tag in the tag-to-tag network of Fig. 1 will be equipped
with a backscatter transceiver. Fig. 2 shows the signal path of
the backscatter transceiver. The transceiver in this paper will be
tuned for 433.92MHz centre frequency but can be re-tuned for
868MHz or 915MHz bands. The tag’s antenna connects to a
4-port reflective RF switch [23], which can be used to connect
5 load impedances1 to the antenna as shown in Fig. 3. The
chosen impedances are ZL,1 = 0Ω, ZL,2 =∞Ω, ZL,3 = 50Ω,
ZL,4 = 18nH (50jΩ) and , ZL,5 = 7.3pF (−50jΩ) , such that
that 2 orthogonal phase channels can be created [6].

Port ZL,3 is also the receiver path, which is matched to
50Ω. The narrowband SAW filter F1 in Fig. 3 (Qualcomm
B39431B3721U410 [24]) adds selectivity to the receiver, such
that out-of-band users do not interfere. The SAW filter has a
bandwidth of 1.6MHz at a centre frequency of 433.92MHz.
The insertion loss of the RF switch and SAW filter is 3.5dB
combined. The band filtered signal will be presented to the RF
envelope detector.

Fig. 3 shows the full circuit diagram of the analog receive
path. Node Vo is the output of the RF Envelope Detector
and input to the baseband signal Amplifier. Node Vbb is

1Using the 4 signal ports of the ADG904-R, and the common disconnect
as an open circuit state.

Fig. 2. Signal path of a tag-to-tag backscatter transceiver

the amplified baseband signal, which will be input to the
Data Slicer. The sliced signal will then be processed by a
microcontroller.

The receiver sensitivity will be modelled according to a
minimum detectable signal (MDS) model:

MDS = −174 +NF + 10 · log10(BW )︸ ︷︷ ︸
noise floor

+SNR (6)

where NF and SNR are in dB, and BW in Hz. The analysis is
split into 2 sections. Section VI will discuss the noise floor of
the backscatter receiver and exciter phase noise, and combine
them to derive a system noise floor, which will be used in
place of ”noise floor” in equation 6. Section VII will discuss
BER simulations to determine the required SNR.

V I . A N A L O G P R O C E S S I N G A N A LY S I S

The (system) noise floor is required as defined in equation
6. A non-linear diode detector model will be introduced to
calculate the conversion loss and noise factor of the detector
for a large range of input powers. This allows the receiver noise
floor to be plotted as a function of exciter incident power, which
will be used for the system noise floor in equation 6.

A. Power Envelope Detector Model

The RF Envelope Detector is shown as part of Fig. 3. The
diagram shows a diode detector using D1 and load R3 and C2.
Components L1 and C5 match the 50Ω source to the detector
circuit. The arrow RG denotes the source impedance of L1

and C5 which drives the diode detector. As diode detectors
are non-linear and conduction depends on the power into the
detector, it is not possible to realize perfect matching over a
large range of input powers [25]. In this design, L1 and C5

are tuned for RG = 750Ω.
Components F1 and D2 are shown opaque since they

are not considered in the analytical model and simulation.
The insertion loss of F1 is approximately 2.6dB, which is
compensated by the 6dB gain of the voltage doubler by using

Fig. 3. Schematic of the backscatter transceiver, showing the design of the backscatter load switch, SAW filter, passive detector, amplifier and data slicer.
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D2 and the capacitative coupling of F1 [8]. The Broadcom
HSMS-285B [25] diode has been used for D1 and D2.

The model from Harrison and Le Polozec [26] has been
used to calculate the output voltage Vo for a given input power
Pin. The model is simplified by omitting a DC biasing source,
since that requires additional power:

I0

(√
8RGPin

vT · n

)
=
(
1+

Vo
RLIS

)
exp

(
(1 +

RG +RS

RL
)
Vo

vT · n

)
(7)

where I0 is the modified Bessel function of first kind, RL is
the load impedance (R3 of Fig. 3), RS is the series resistance
of the diode, vT is the thermal voltage (kTq ), n the ideality
factor of the diode, and IS is the saturation current of the diode.
Equation 7 can be rewritten as the function Vo(Pin), which
calculates the output voltage for a given Pin:

Vo(Pin) = K ·W
(
M · I0

(√8RGPin

vT · n
))
− ISRL (8)

where K = RLvTn
RG+RL+RS

, M = ISRL

K exp
(
ISRL

K

)
and W (z) is

the Lambert W function [27].

B. Linear and Square-Law detection regions

Diode detector circuits behave differently for small and large
signals, resulting in square-law and linear detection regions
respectively. In the linear detection, the detector output voltage
scales linearly with the input voltage, e.g. Vo ∝ Vi. However,
for smaller input signals, the detectors have a Vo ∝ V 2

i re-
sponse, which is referred to as square-law. Equation 8 captures
both responses using the full-range non-linear model of [26].

In the square-law region, the relation can also be written as
Vo = γPin, with γ being the voltage sensitivity of the detector
[28]. For example, the HSMS-285X diode is specified for a
voltage sensitivity of 50mV/µW [25]. DC biasing currents can
be used to improve γ, however, at the expense of extra power
and increased flicker noise [28]. In addition, in square-law
detection, the power conversion loss will increase with 10dB
for every decade lower input signal, which makes the detector
very lossy for weak (<-35dBm) input signals. In contrast, the
conversion loss in the linear region remains constant. Receivers
located close to a strong exciter (e.g. 2–100 meters from a
30dBm 868MHz exciter) will receive incident power in the
range of -35 to 0dBm [1], and therefore the detector will be
mostly biased in the linear region with low conversion losses.

The conversion loss can be calculated with equation 8 and
the DC output power defined as Pout = V 2

o /RL:

CL(Pin) =
Pin

Pout
=

RLPin

(K ·W
(
M · I0

(√
8RGPin

vT ·n
))
− ISRL)2

(9)
Fig. 4 plots the conversion loss as a function of Pin, showing
analytical (equation 9), SpecteRF simulations and measure-
ments on the tag PCB that will be introduced in section
VIII. The physical tag has F1 and D2 installed from Fig.
3. In the analytical model, it was assumed that RG =750Ω.
The analytical model shows that conversion loss converges to
13dB for large Pin. As expected, in the square law region

−50 −40 −30 −20 −10 0
0

10

20

30

40

Pin [dBm]
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Analytical (D1)
SpectreRF (D1)

Measured (D1 & D2)

Fig. 4. Power conversion loss of the RF envelope detector as a function of
the input power applied to the envelope detector.

(Pin <-35dBm), the conversion loss increases by 10dB per
lower decade. The same drop off is observed in a SpectreRF
simulation using the HSMS-285X model. Measurements on
the board match to a satisfying degree.

C. Baseband Amplifier

The relatively low conversion loss is useful in a sensitive
receiver, however the detected signal amplitude Vo is too small
(tenths to hundreds of µV) to be digitized by an ADC or data
slicer directly. Therefore the detector signal will be amplified
using a low-power opamp circuit, as shown in Fig. 3. The
amplifier is AC-coupled to Vo, removing DC introduced by
the Pe bias, and replacing it with Vbias = VDD/2 with the
resistor R5. The Texas Instruments TLV333 [29] opamp has
been chosen for its gain-bandwidth product of 350kHz, while
consuming only 17µA from a 1.8V supply. Moreover, the
TLV333 uses a chopping architecture which mitigates flicker
noise, with a flat input voltage noise density of 55nV/

√
Hz.

This allows the amplifier to be configured for a high gain at
low bitrates. R1 and C1 define the band-pass characteristic of
the amplifier, which is kept as narrow as possible. At 1kbps,
R1 = 1kΩ and C1 = 680nF for 1kHz -3dB bandwidth and a
voltage gain of 349x. At 10kbps, R1 = 10kΩ and C1 = 6.8nF,
for 10kHz -3dB bandwidth and a voltage gain of 34.9x.

D. Noise Factor & Noise Floor

So far we have shown the low conversion loss of a diode
detector operating in the linear region, and high baseband am-
plification available at 1kbps. However, correct demodulation
requires sufficiently low noise floor to operate correctly. The
system noise floor, as used in the MDS model of equation 6,
is defined with the combination of the receiver circuit and the
exciter phase noise in the used bandwidth.

1) Receiver Circuit: The noise level due to the TLV333
baseband amplifier was calculated at 1.56mV RMS for 1kbps
bandwidth. To combine the receiver noise with the exciter
phase noise, the circuit noise level is referred back to the input
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(RTI) through the conversion loss of the detector. Since the
conversion loss depends strongly on the exciter incident power,
the input-referred noise floor will decrease for higher incident
powers. The RTI noise-floor is calculated, in dB, with:

Pnf,rcv(Pe) = −174 +NF (Pe) + 10 · log10(BW ) (10)

where BW is the receiver bandwidth and NF is the noise factor
in dB, and is a function of Pe.

The total receiver NF was calculated using Friis formula
for noise. The NF of the baseband amplifier was calculated
to be 9.5dB at 1kbps (BW = 1kHz) and 9.8dB in SpectreRF
simulation. The NF of the envelope detector is non-trivial to
determine exactly since the detector is non-linear. However,
simulations in SpectreRF show that the NF is approximately
equal to the conversion loss of the detector, with deviations of
only a few dB. Thereby, it is assumed that the NF is equal to
the conversion loss like is the case for LTI passive circuits. The
NF of the RF switch and SAW filter is equal to their insertion
loss.

The NF of the complete backscatter receiver was calculated
using the NF of the RF switch, SAW filter, diode detector
and baseband amplifier. The receiver NF was calculated to
be 25.5dB at Pe =0dBm and 35.2dB at Pe =-35dBm. In
SpectreRF simulation, the NF is 26.3dB at Pe =0dBm and
43.4dB at Pe =-35dBm.

The input-referred noise floor of the receiver is plotted in
Fig. 5, for analytical and simulated results Pnf,rcv and P ′nf,rcv
respectively. Both methods show comparable noise floors for
strong exciter powers, converging to -119dBm. Note that the
RTI noise-floor, just like the conversion loss, increases with
10dB for every decade lower power.

2) Exciter Phase Noise: The exciter phase noise introduces
interference near the exciter tone. The proposed backscatter
tag in this paper will utilize FM0 line encoding, which results
in a small frequency offset, making the receiver susceptible
to interference from exciter phase noise. As an approximation
(ignoring coloured noise as discussed in [12]), the exciter noise
floor has been integrated using:

Pnf,pn(Pe) = Pe + L(fo) + 10 · log10(fo) (11)

where fo denotes the frequency offset of the phase noise, and
L(fo) the phase noise spectral density at this offset. The phase
noise Pnf,pn is plotted in Fig. 5 according to the phase noise
specifications of the Keysight PSG E8267D-544 with option
UNY. This generator has a SSB phase noise of -125dBc/Hz at
a 1kHz offset and -132dBc/Hz at a 10kHz offset [30]. Since
the envelope detector processes a DSB signal, the noise floor
is increased with 3dB. Equation 11 then integrates to a noise
floor level of -92dBc at 1kbps and -89dBc at 10kbps, both
relative to Pe.

3) Combined Noise Floor: The system noise floor is the
combination of the receiver and exciter noise. The receiver and
exciter noise floors are uncorrelated, therefore:

Pnf,sys = Pnf,rcv + Pnf,pn (12)
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Fig. 5. Receiver noise floor as a function of exciter incident power. The
combined noise floor is limited by the receiver circuit in part I, where in part
II it is limited by the exciter phase noise.

This system noise floor will be used in the MDS model
(equation 6), in place of formula section marked as ”noise
floor”. Fig. 5 plots the system noise floor as the dotted line,
which can be split into 2 regions. In region I, the noise
floor of the backscatter receiver is dominated by the receiver
circuit, however, improves for greater incident powers due to
the decreasing conversion loss of the detector. Then in region
II, the exciter phase noise is becoming dominant and increases
the noise floor of the receiver for stronger incident powers.

The lowest input-referred noise level is at Pe =-25dBm.
However, this may differ strongly depending on the exciter
phase noise specifications. In addition, the dynamic range,
which can be approximated as the difference between Pe and
Pnf,sys, is constant in region II of Fig. 5. Approximately
90dB separates the system noise floor and incident power Pe.
However, in region I, the dynamic range shrinks for lower Pe.

V I I . D I G I TA L P R O C E S S I N G A N A LY S I S

The previous section described the noise floor that can be
used in the MDS model, as defined in equation 6. The required
SNR needs to be determined for accurate receiver characteri-
sation. This section will discuss bit error rate simulations of
the low-power digital receiver.

A. Data Slicer

The output of the opamp is digitized using a data slicer,
as shown in Fig. 3. The TLV7215 is chosen for its low
power consumption (0.58µA at 1.8V). R4 and C4 set a
reference voltage used to slice the zero crossings in Vbb.
The -3dB frequency of this reference filter is set at 16Hz,
as experimentation and simulations showed that a low -3dB
frequency yielded better performance of the data slicer.

Resistors R6 and R7 set a hysteresis to avoid noise from
generating glitches in the output. It was chosen to set the hys-
teresis at 40mV, based on the noise floor of the system. In the
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BER simulations later on, we will show that a lower hysteresis
can be used for better receive sensitivity, however, in doing so
can significantly increase digital processing requirements [7].

B. Low-Power Digital Controller

The digital radio is implemented on an STM32L431CC
microcontroller [31]. This part contains an ARM 32-bit Cortex
M4 processor, with 256kB of FLASH, 64kB of SRAM and
various low power operation modes. The firmware is written
in C++17 and is compiled using ARM GCC 9.2.0 with
optimization level O3. The firmware uses 2.5kiB bytes of data
and 10.1kiB of code. The microcontroller is powered at 1.8V
and runs from its internal 100kHz clock. The 64kB SRAM is
split into 48kB for code and 16kB for data. A small bootloader
loads the code from FLASH to SRAM, such that FLASH can
be turned off to save power [31]. The microcontroller then
consumes 39µW with CPU active, 26µW with CPU inactive
(peripherals active) and 0.5µW in standby [31].

The output of the data slicer is connected to the capture
input 1 of timer 1 on the microcontroller. The timer has been
configured to count the time duration between edge transitions
on the capture input. Both rising and falling edges generate
a trigger, which fires a sequence of events: the timer count
is captured into channel 1 register (containing the length of
the pulse), the timer is reset, and a DMA request transfers
channel 1 value to a circular buffer in SRAM. The CPU can be
inactive during this whole process and is woken when sufficient
symbols have been captured for processing. In addition, a time-
out channel in timer 1 wakes the controller at the end of packets.

The CPU performs symbol and FM0 decoding, which
outputs a bitstream that will be used for bit error rate measure-
ments. The CPU algorithms have been measured to take (on
average) 9 to 10 cycles/symbol, which should be fast enough
for bitrates up to 10kbps and a 100kHz CPU clock.

C. Asynchronous FM0 Decoding

The minimum SNR required for 10−3 bit error rate needs
to be determined for the MDS model in equation 6. It is
important to note that the pulse capturing technique described
in the previous section, does not synchronise a common clock
between the receiver and transmitter, and therefore performs
symbol & FM0 decoding asynchronously. Without a synchro-
nised time base, incorrect decoding may result in bitstream
de-synchronisation. Therefore, the FM0 decoder counts the
number of edges of 1 period and uses the edge count to decide
on the symbol. Erasures are detected and padded as zeros to
prevent de-synchronisation.

Despite these mitigations, it was observed that the asyn-
chronous decoder requires a high SNR for a 10−3 BER. Mixed-
signal simulations were performed in MATLAB and C++ to
quantify the minimum SNR for a 10−3 bit error rate. A matched
filter was implemented in MATLAB with masks specifically
defined for FM0 symbols. Test data was generated inside
MATLAB with a PRBS5 source and an FM0 modulator. Noise
was added to the baseband data for an AWGN channel, and then
the normalized frequency response of the baseband amplifier

was convolved. Fig. 6 shows the BER curve for the matched
filter implementation as a synchronous receiver. The matched
filter requires 16.5dB SNR for a BER of 10−3.

The asynchronous receiver was simulated in C++. A similar
test case was simulated, with a PRBS5 source, AWGN noise
conditions and convolution of the baseband frequency response.
Then, a data slicer was simulated using an ideal comparator
with hysteresis. Hardware emulation of the STM32L431 timer
and DMA peripherals was performed (pulse length detection)
such that the receiver firmware can be used in the BER simula-
tion. The receiver firmware contains test routines that perform
PRBS5 synchronisation and bit error rate measurements. The
simulation was run for 108 symbols.

The results are also shown in Fig. 6. The graph shows
simulations performed with 3 hysteresis levels of the data slicer.
With a hysteresis of 40mV, the data slicer would not detect
symbols until an SNR of 21dB, while an SNR of 31dB is
required for a BER of 10−3. Simulations with a 6mV hysteresis
has a BER of 10−3 at 22.5dB, however, this requires excessive
processing in noisy channel conditions. When no hysteresis is
used, excessive glitches result in a worse BER.

The SNR value of 31dB at 40mV hysteresis will be used in
the MDS model of equation 6.

V I I I . R E S U LT S

A. Experimental RFID Sensor Platform

The backscatter transceiver is part of an experimental plat-
form for semi-passive RFID tags. Fig. 7 shows a photograph of
the prototype board. The tag is realized on a 44x44mm 4-layer
FR4 PCB. The design contains the backscatter transceiver, an
STM32L431CC [31] microcontroller and a SI7021 temperature
& humidity sensor [32]. The receiver is power gated, as
it consumes 40µW. The board is powered from a CR2032
Lithium coin cell. A TPS62740 buck converter converts the
nominal 3V battery voltage to 1.8V, chosen for its quiescent
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matched filter implementation), and the asynchronous demodulator at 3 data
slicer hysteresis levels
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Fig. 7. Prototype board of the experimental tag-to-tag platform.

current of 0.36µA and >90% conversion efficiency at 10µA
load [33]. The power consumption was measured at the battery.
The active power consumption is 85µW during receive and
45µW during transmit operations at 1kbps, and 4µW in standby.

B. Sensitivity Measurement

The receiver sensitivity has been measured using a Keysight
PSG E8267D-544, which can generate ASK signals with
0.001% modulation index resolution [30]. The generator was
loaded with an FM0-encoded PRBS5 test pattern for BER
measurements. The internal PA is set to 5dBm for all but the
10dBm tests, as 5dBm results in the lowest phase noise [30].
The generator output power is configured using the internal
attenuator with tuning steps of 5dB.

Fig. 8 plots the measured sensitivity and MDS model for
the backscatter receiver. The MDS model is based on equation
6 using the noise floor shown in Fig. 5 and a SNR of
31dB. The noise floor was derived for 1kbps and 10kbps
operation. The measurements and MDS model show good
correlation. The raw measurement data is presented in Table I
and Table II for 1kbps and 10kbps respectively. The minimum
observed modulation index was 0.053% at Pe =-10dBm for
1kbps, and 0.115% at Pe =5dBm for 10kbps. The best tag
sensitivity was Ptag =-80.7dBm at Prx =-20dBm (1kbps) and
Ptag =-65.8dBm for Pe =-15dBm (10kbps).

The measurement shows that the receiver sensitivity varies
with 20–25dB across the full range of exciter incident powers.
The sensitivity at 10kbps is significantly lower due to the
limited gain-bandwidth of the TLV333 amplifier and the high
hysteresis level of 40mV. More importantly, when the receiver
is subject to a Pe ≥-10dBm, the modulation index converges
to approximately 0.06% at 1kbps, and 0.12% at 10kbps, which
shows that the dynamic range of the receiver is limited by the
exciter phase noise. The graph shows that both bitrates have
an optimal incident power level of approximately -20dBm, in
which the receiver is most sensitive to tag signals.
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Fig. 8. Modelled and measured sensitivity versus, both as a function of the
exciter incident power. The measured data points are shown as solid lines,
while the dashed red line is the analytical model.

TABLE I
R AW R E C E I V E R S E N S I T I V I T Y

M E A S U R E M E N T S AT 1 K B P S

Prx m Pe Ptag

10 0.065% 10.0 -53.7
5 0.060% 5.0 -59.4
0 0.058% 0.0 -64.7
-5 0.055% -5.0 -70.2
-10 0.053% -10.0 -75.5
-15 0.070% -15.0 -78.1
-20 0.092% -20.0 -80.7
-25 0.170% -25.0 -80.4
-30 0.450% -30.0 -76.9
-35 1.12% -35.0 -74.0
-40 3.40% -40.0 -69.4
-45 10.2% -45.0 -64.8
-50 33.0% -50.4 -59.6
-54.5 100% - -54.5

TABLE II
R AW R E C E I V E R S E N S I T I V I T Y
M E A S U R E M E N T S AT 1 0 K B P S

Prx m Pe Ptag

10 0.125% 10.0 -48.1
5 0.115% 5.0 -53.8
0 0.120% 0.0 -58.4
-5 0.163% -5.0 -60.8
-10 0.194% -10.0 -64.2
-15 0.288% -15.0 -65.8
-20 0.540% -20.0 -65.4
-25 1.360% -25.0 -62.3
-30 3.067% -30.0 -60.3
-35 9.03% -35.0 -55.9
-40 25.9% -40.3 -51.7
-45 76.9% -47.0 -47.3
-45.4 100% - -45.4

C. Experimental Sensor Application

A demonstration application has been built to validate low-
power backscatter sensor operation. The backscatter tag-to-
tag link was validated with the scattering tag transmitting a
PRBS5 test pattern at 1kbps. The receiving tag performed
BER measurement and used the onboard LED’s to show
when the BER is lower than 10−3. This was verified using
+3dBi monopole antenna (LPRS ANT-SS433) at the exciter,
transmitter and receiver. A SignalHound VSG25A is used
as exciter, set at an output power of -10dBm. This allowed
the tag-to-tag communication with det = 0.5m, der = 1m and
dtr = 0.5m (as shown in Fig. 1).

Then, a low-power backscatter sensor application was built
where the SI7021 temperature and humidity sensor is sampled
at 1Hz. The sampled data is packed into a 184 bit packet with
6 byte preamble, 4 byte header, 12 byte payload and 1 byte
footer. The packet is backscattered at 1kbps. After transmission,
the MCU sleeps for 750ms. The average power consumption
of this application is 23.9µW.
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I X . C O N C L U S I O N

This paper has shown that in bistatic backscatter scenarios,
exciter incident power not only facilitates backscatter trans-
mission but can also aid backscatter receivers by biasing the
diode into the linear detection region. The minimum detectable
signal (MDS) model and measurements show a peak -80dBm
receive sensitivity at 1kbps, which is comparable to industrial
RFID readers [11], albeit at a smaller signal bandwidth.

The characterisation shows that backscatter receivers have
an optimal incident power of -20dBm, for which they are most
sensitive. However, it also shows a 20–25dB variation as a
function of incident power, which must be accounted for to
perform accurate range and link budget calculations. For tag-to-
tag links as demonstrated in Fig. 1, the received signal strength
can be defined with the exciter-transmitter (det) and transmitter-
receiver ((dtr) distances [1]. However, the receiver sensitivity is
now defined while taking exciter incident power at the receiver
into account, complicating link budget calculations due to the
dependence on the exciter-receiver path as well.

In future research, this link budget complication needs to be
investigated further, where link budget and receiver models can
be combined to study the effects on tag-to-tag links that require
bidirectional communication. In addition, the performance of
a backscatter receiver can be further improved by making
use of low-power correlators to implement a matched filter
demodulator for lower SNR requirements.
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