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Abstract—Building ultra large scale wireless sensor networks
(WSNs) requires very low-power and low-cost sensor designs.
Backscatter radio is a communication scheme that can accom-
modate for these two constraints, as opposed to active radio archi-
tectures. For large scale applications, backscatter communication
range extension is a necessity; for this, careful tag design has to be
employed, in order to minimize the tag information bit-error-rate
(BER) at the reader. Conventional backscatter radio/RFID load
modulators achieve reflection coefficients whose magnitude is less
than unity; thus, the reflection coefficients’ difference magnitude–
which is directly related to the backscatter signal-to-noise ratio
(SNR)–is upper bounded by |∆Γ| ≤ 2. This is a limitation for
SNR maximization, and alternative system architectures have to
be exploited for load modulators. In this work, an architecture
is presented that overcomes this limitation with the use of a low-
power reflection amplifier, which shows a reflection coefficient
greater than unity on its port. The amplify-and-reflect system
proposed can be utilized to significantly increase the SNR of the
backscattered signals and the uplink range of RF tags.

Index Terms—backscatter radio, RFID, reflection amplifier,
range increase, SNR.

I. INTRODUCTION

Backscatter radio is a promising scheme for use in wire-

less sensor networks (WSNs) due to its low-power require-

ments and low-complexity sensor designs. Some examples of

backscatter radio exploitation to form low-cost networks are

[1]–[4]. Moreover, several examples exist in the literature for

energy harvesting and efficient antenna design for such low-

cost sensor networks [5]–[7], which supports the argument that

this is an appealing technology for WSNs. It is obvious that

for large scale sensing applications, backscatter communica-

tion range extension is a necessity. Recent work has shown

exceptionally long communication ranges by utilizing energy-

assisted tags (low energy in form of small batteries, renewable

energy sources, or energy scavenging), low bitrate, and non-

conventional bistatic reader architectures, where the carrier

emitter is detached from the backscatter radio/RFID reader

to form cells that cover large areas around many distributed

carrier emitters [8], [9]. To maximize the communication

range, careful tag design has to be employed, in order to

minimize the tag information bit-error-rate (BER) at the reader.

The work in [10] offers the constraint for BER minimization

by exploiting both communication and microwave theory. It

is directed that for BER minimization, |∆Γ| △
= |Γ1 − Γ0|
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Fig. 1. Left: classic backscatter radio tag. Right: amplify-and-reflect tag.

has to be maximized, where Γ0,Γ1 are the complex reflection

coefficient values of the tag load modulation system for bits

‘0’ and ‘1’, respectively. This will increase the tag signal-

to-noise ratio (SNR) at the reader, reducing the receiver

BER; this in turn enhances the uplink range performance.

Typically, load modulators consist of switches and passive

components, achieving reflection coefficients Γ0,Γ1, whose

magnitude is less than unity. This determines the upper bound

|∆Γ| ≤ 2, which is achieved for coefficients represented with

two antipodal points on the Smith chart. This upper bound

is a limitation for backscatter signal SNR maximization and

has to be boosted upwards with the use of alternative system

architectures. In this work, a system architecture is presented

that overcomes this limitation with the use of a reflection

amplifier. The reflection amplifier is a 1-port low-power device

that shows a reflection coefficient greater than unity on its port.

This amplify-and-reflect system is here utilized to significantly

increase the SNR of the backscattered signals. A reflection

amplifier has been proposed before for backscatter modulation,

by switching the amplifier on and off [11]. A comparison is

offered in this work for the achievable |∆Γ| for the on-off

amplifier and the proposed system, and it is shown that the

complex system architecture of Fig. 1-right allows for a larger

value domain for Γ0,Γ1. This, in turn, leaves room for more

optimization of |∆Γ| and the backscatter signal SNR.

II. SYSTEM DESCRIPTION

The classic backscatter radio/RFID modulation mechanism

is based on switching the antenna (with impedance Za)

termination between two different loads Z0, Z1 (Fig. 1-left)
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Fig. 2. Reflection amplifier schematic diagram.

[12]. In that way, two different system reflection coefficients

Γ0 =
Z0 − Z∗

a

Z0 + Za

, Γ1 =
Z1 − Z∗

a

Z1 + Za

(1)

are achieved and the amplitude and phase of the backscattered

signal are affected [10]. One can then perform modulation

schemes like amplitude shift keying (ASK) or binary phase

shift keying (BPSK), or hybrids of them, by exploiting certain

reflection coefficients and the appropriate signal model [9].

Recent work has also utilized more than two load values

to achieve higher constellation modulations such as M-ary

quadrature amplitude modulation (M-QAM) on backscatter

radio [13]. The backscattered signal constellation is known to

be directly related to the points of Γ0,Γ1 on the Smith chart.

For example, Γ0 = −1 and Γ1 = 1 would correspond to BPSK

modulation, since only the phase of the backscatter signal

changes for the two states. This could be the case for any two

antipodal points on the unitary circle (Fig. 7). Notice that for

any load Zx, the corresponding system reflection coefficient

will always have magnitude |Γx| ≤ 1.

In this work, a reflection amplifier is utilized to overcome

the limitation of |Γx| ≤ 1. The reflection amplifier is essen-

tially a negative resistance oscillator [14]. The bias voltage of

the amplifier is kept sufficiently low, so that the amplifier does

not oscillate (i.e. does not generate frequencies). To interface

the amplifier to an antenna and load modulator system, a 3-port

network is required. For this case, a Wilkinson power divider

is selected, that ideally splits/combines the power from the

amplifier port to the other two ports (antenna and modulator),

and keeps the antenna port isolated from the modulator port.

III. MODULES

A reflection amplifier has been built according to the

schematic in Fig. 2 using lumped components placed on an

inkjet-printed circuit board on low-cost photo paper substrate.

The dielectric characteristics of the substrate are ǫr = 2.9,

tan δ = 0.045, and its thickness is 210µm. Four layers of

silver nanoparticle ink have been printed to form the traces,

with approximate conductivity 5× 106 Siemens/m. The same

fabrication technique has been utilized to built the Wilkinson

divider. The prototypes can be seen in Fig. 3.

Power divider Reflection
Amplifier

Fig. 3. Fabricated prototypes using inkjet-printing technology.
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Fig. 4. Reflection amplifier measured gain for several input power levels.
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Fig. 5. Measured S-parameters for fabricated Wilkinson power divider.

The amplifier has been measured with a vector network

analyzer (VNA) to characterize its reflection gain at the 900–

930MHz band (Fig. 4). It can be seen that the gain increases

as the input power decreases and it can go up to ∼30dB for

levels below −50dBm. Its power consumption is low–under

1mA for typical received power levels below −20dBm.

The Wilkinson power divider’s measured S-parameters are

shown in Fig. 5. The insertion loss from port 1 to ports 2 and

3 is 4.3dB across the band, while the isolation between ports
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2 and 3 is better than 19dB.

IV. OPERATION ANALYSIS

The antipodal load modulator in a classic backscatter radio

tag (Fig. 1-left) that maximizes |∆Γ| switches between two

reflection coefficients Γ0,Γ1. These reflection coefficients and

their difference magnitude are given by

Γ0 = −Γ1 = 1 ejθ, (2)

|∆Γ| = |ejθ + ejθ| = 2, (3)

with θ ∈ [0, 2π). This well-known case is depicted on a Smith

chart in Fig. 7, where both coefficients lie on the unitary circle.

Consider now a system that consists of a reflection amplifier

with power gain G directly interfaced to the antenna (as in

[11]). The amplifier is switched on and off to achieve ASK

backscatter modulation. When the amplifier is off, the equiv-

alent circuit seen by the antenna port is a passive load. The

system reflection coefficient will have amplitude B ≤ 1 and

arbitrary phase φ0. When on, the amplifier shows a reflection

voltage gain
√
G and applies phase φ1 to the incoming signal.

Thus,

Γ0 = B ejφ0 , (4)

Γ1 =
√
G ejφ1 . (5)

Such two reflection coefficient points are shown in Fig. 8. The

reflection coefficient difference amplitude is

|∆Γ| = |
√
G ejφ1 −B ejφ0 |. (6)

In the best case, |∆Γ| is maximized when B = 1 and the line

that connects the two points crosses the axis origin (0, 0). This

is achieved when φ1 = φ0 + π. Then,

|∆Γ| = |
√
G ejφ0+jπ − ejφ0 | =

√
G+ 1. (7)

Respectively, the worst case (difference is minimized) is when

B = 1 and φ1 = φ0. Then,

|∆Γ| = |
√
G ejφ0 − ejφ0 | =

√
G− 1. (8)

For the proposed system of Fig. 1-right, consider a reflection

amplifier with a known complex S11-parameter Samp ∈ C,

and a power divider with known complex scattering matrix

Sdiv ∈ C
3×3. These values are obtained either by simulating

the individual components or by measuring the fabricated

prototypes with a lab VNA. Here, the realistic measured values

are used, which account for fabrication errors, extra losses due

to finite silver-ink conductivity, etc. The goal is to obtain a

pair of load values Z0 = R0 + jX0 and Z1 = R1 + jX1

for the modulator that will maximize the overall reflection

coefficient difference magnitude |Γ1 − Γ0| of the system, for

a given reflection amplifier and 3-port network that connects

the antenna, amplifier, and modulator pieces together.

After importing the measured S-parameter blocks into a

microwave simulation software, the model of Fig. 1-right is

built. Two versions of the model are simulated to obtain the

total reflection coefficient at the antenna terminal; one for

load Z0 that yields Γ0, and one for load Z1 that yields Γ1.

850 900 950 1000

2

4

6

8

10

12

14

16

18

20

22

Freq (MHz)

|∆
Γ

|

 

 

amplifier & divider

no amplifier

Fig. 6. Increased reflection coefficient difference magnitude around 906MHz.

A goal is then set for the software optimizer, to maximize

|∆Γ|, at a certain frequency, or demand that |∆Γ| exceeds a

certain value for a frequency band. Here, the second option is

preferred, since it gives the optimizer a degree of freedom of

the frequency that the |∆Γ| maximum will occur in the band of

interest. The variables that are tuned by the optimizer are R0,

R1, X0, and X1. It is anticipated that, because of the complex

system architecture, several pairs of impedances may exist that

satisfy the required goal. Here, an indicative pair is presented,

that achieves |∆Γ| >> 2. The VNA-measured S-parameters

are utilized; for the amplifier, the S-matrix corresponding to

the -30dBm input power level is used.1

The optimizer goal is set to achieve a value |∆Γ| > 20
in the 900–920MHz band. The resulting difference magnitude

as a function of frequency is shown in Fig. 6. A maximum

magnitude of 23.891 is observed at 916MHz. The reflection

coefficients at the antenna port are Γ0 = −0.5781− j1.4543
and Γ1 = 21.9297+j6.5571 and the corresponding modulator

loads are Z0 = ∞ (open) and Z1 = 0 + j145.403. Notice

that |Γ0| = 1.565 and |Γ1| = 22.889, i.e. both reflection

coefficients have magnitude greater than unity, which sets them

both outside the unitary circle of the Smith chart (Fig. 9). This

is in contrast with the on-off amplifier system, where one of

the two reflection coefficients always lies inside the unitary

circle.

A straight comparison in terms of achieved |∆Γ| between

the on-off amplifier system and the proposed system can be

obtained, by considering the same amplifier in both scenarios.

From Fig. 4 it can be seen that for −30dBm input power, the

maximum gain is 14.92dB. This corresponds to a reflection

coefficient amplitude
√
G = 5.57. As already discussed, in the

best case, the maximum coefficient difference is
√
G + 1 =

6.57, while in the worst case it is
√
G− 1 = 4.57. Thus, even

with the best case for the on-off amplifier system, the proposed

system is superior with achieved |∆Γ| = 23.891. This is the

result of two things: a) both the reflection coefficients lie

outside the unitary circle and incorporate phase values that

1System analysis can be performed for any power level in the same way.
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Fig. 7. For a conventional load modulator, both reflection coefficient points
lie in the Smith chart. Maximum difference occurs when Γ0 and Γ1 lie on
the circumference of the unitary circle and are diametrically opposed.

Fig. 8. When a reflection amplifier is switched on and off for load
modulation, Γ0 (off condition) lies in the Smith chart, while Γ1 (on condition)
lies away from the unitary circle (reflection gain |Γ1| > 1).

benefit the coefficient’s difference; this would be impossible

with the on-off amplifier, and b) the mismatches at the

Wilkinson ports of the amplifier and modulator cause infinite

small reflections that are amplified, causing a big increase in

the total reflection coefficient at the antenna port. Notice that

23.891 is not the maximum value, but rather an achieved goal

for increased |∆Γ|. The ideal case would be that Γ0 would

have the same magnitude as Γ1 and be diametrically opposed

to it. This optimal Γopt
0 point is depicted in Fig. 9.

V. CONCLUSION

A system architecture has been presented that can signifi-

cantly increase the reflection coefficient difference magnitude

for backscatter radio tags. It has been showcased that a design

with a reflection amplifier, a load modulator, and a 3-port

network increases the degrees of freedom for optimizing the

total system reflection coefficient, compared to other systems

that utilize reflection amplifiers for RF tags. This opens a

whole new field for active research on backscatter commu-

nication optimization, based on careful tag microwave design.

Following this direction for non-conventional tag designs and

coupling it with recent work for non-conventional reader

opt

Fig. 9. For a reflection amp/power divider/load modulator system, Γ0 and
Γ1 may both lie far from the unitary circle. In the ideal case, Γ0 and Γ1 are
diametrically opposed.

architectures, will boost the backscatter communication range

to much higher levels compared to classic RFID.
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