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Abstract— Ambient backscatter communication (AmBC) is a
new advanced technology that utilizes ambient radio frequency
signals to enable the communications of battery-free devices and
has attracted much attention recently. Existing works develop
the high-order modulation in signal domains including the time
domain, the frequency domain and the space domain. However,
the work in the code domain for AmBC remains missing. In this
letter, we extend the high-order modulation to the code domain,
i.e., high-order code shift keying (CSK). However, the detection
that correlates the received signals with the candidate code cannot
work due to the unknown source signals. To detect the active
code index, the correlation energy detection (CED) is proposed
in which the received signal energy instead of the amplitude is
utilized. In this process, CED does not need the channel state
information and source power knowledge. Simulation results
show that the proposed CED can handle the complex source
signal and achieve a desirable bit error rate (BER). The second-
order CSK without the training sequences outperforms the on-off
keying modulation with training sequences in terms of BER.

Index Terms— Ambient backscatter communication, code shift
keying, detection.

I. INTRODUCTION

UE to its low power consumption and low cost, ambient
backscatter communication (AmBC) is regarded as a
promising solution to a large scale deployment of future
Internet of Things (IoT) networks [1]. In AmBC, there is no
dedicated radio frequency (RF) source to be exploited for tag
backscattering compared to conventional monostatic or bistatic
backscatter communication. Instead, ambient signals like TV
signals [2], FM signals [3] and Wi-Fi signals [4], [5] etc., can
be used as source signals for the realization of AmBC.
Because of the low reflection efficiency and a large path
loss, the strength of the backscattered signal is weak. Consid-
ering that tags are usually designed with a simple structure,
most of the works on AmBC systems adopt binary modulation
schemes, e.g., on-off keying (OOK) [2], [4], [6], [7], [8I,
[9], [10], [11], [12], [13]. The OOK modulation belongs to
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the binary amplitude shift keying (ASK), which means a low
channel utilization for AmBC. If we increase the modulation
order in the power (amplitude) domain, the difference in
strengths of the backscattered signals will be small under the
weak backscattered signal, which leads to poor detection per-
formance. Thus, high-order modulation in the power domain is
not practical for the tag. This necessitates exploring high-order
modulation schemes in alternative signal domains.

Existing works have explored high-order modulation for
AmBC. In the time domain [14], the authors propose the high
order time shift keying to increase the channel utilization. Both
coherent and non-coherent transmission schemes are studied.
For the space domain [15], the authors employ multiple
antennas at the tag and the reader to realize the space shift
keying. The letter [16] explores the multiple frequency shift
keying modulation in which multiple frequency bands and
passband filters at the receiver are required to remove the direct
link interference. In [17], the authors derive the optimal energy
detector for the high order phase-shift keying for AmBC. How-
ever, research work in the code domain which is orthogonal
to these domains is still scarce. The high order modulation in
the code domain does not need additional hardware or required
multiple frequency bands. It can be also integrated with other
domains to achieve higher communication rates. For the sake
of understanding, we make a comparison between the high
order modulations over different signal domains in Table 1.

This letter proposes the high-order code shift keying (CSK)
modulation for AmBC for the first time, which increases the
modulation order in the code domain to increase the channel
utilization. With CSK, the ambient signal is backscattered
using one of the codes chosen from the designed codebook.
This code is referred to as the active code. CSK modulates
its information by the position index of the active code within
the codebook. In this sense, the channel utilization can be
increased compared to binary modulation schemes.

To demodulate the CSK signal, the receiver needs to deter-
mine the index of the active code. The conventional operation
for code-based detection is based on multiplication. That is,
the received signal is multiplied with the candidate backscat-
ter symbol vector chosen from the codebook [18], [19].
Then, the index of the maximum correlator’s output is deter-
mined as the active code index. However, this operation
cannot be applied directly to the AmBC system because the
received signal contains the unknown source signal and all
the correlation results will be indistinguishable. To address
this problem, we propose correlation energy detection (CED),
which exploits the energy vector of received signals to deal
with the unknown source signals. After obtaining the energy
vector, the receiver uses a candidate code to correlate with
the energy vector. Consequently, the code with the maximum
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TABLE 1
ADVANTAGES AND LIMITATIONS OF HIGH ORDER MODULATIONS IN DIFFERENT SIGNAL DOMAINS
Signal e
EN: Advantages Limitations
domains
No additional hardware or frequency bands;
Code No need for training symbols and Suffering from the direct-link interference
no detection threshold
Reducing the interference to the legacy users;
. No additional hardware or frequency bands; . . s
Time . d y Suffering from the direct-link interference
Less or no training symbols and
no detection threshold
. . L Requiring frequency shift at the tag and
Removing the direct-link interference, 4 g. q y &
Frequency . . . multiple frequency bands and
and increasing the communication rate .
filters at the receiver
Removing the direct-link interference, .. .
Space . &’ . Requiring additional hardware at the tag and the reader
and increasing the communication rate
Requiring multiple impedance;
. . Requiring more training symbols to estimate parameters;
Power/Phase Increasing the communication rate d g ne sy P
Multiple detection thresholds for each source;
Suffering from the direct-link interference

Tag

T h,

Source

T

Reader

Fig. 1. System model of ambient backscatter communications. The ambient
signal broadcasted by the source can be received by both the tag and the
reader. The tag modulates the incident signal by varying its load impedance,
and backscatters the modulated signal to the receiver.

correlation is considered as active one. Compared with existing
methods such as OOK, the knowledge of the source power,
channel state information and the detection threshold are not
required at the receiver.

II. CSK FOR AMBC

In this section, we present the proposed CSK modulation
for AmBC.

A. System Description

Consider an AmBC system consisting of a tag, a reader
and an ambient RF source as shown in Fig. 1. Each of
them is equipped with one antenna. The tag can harvest
energy or transmit symbols by adjusting its impedance. The
ambient source signal is harvested when the load impedance
is matched, while the ambient source signal is reflected as
the load impedance is mismatched. The reader receives both
signals from the tag and the source simultaneously.

We denote the channel from the source to the reader as the
direct channel /4, the channel from the source to the tag as the
forward channel /¢, and the channel from the tag to the reader
as the backward channel hj,, respectively. We assume that

the channels are block flat fading and independent from each
other, as adopted by existing works [6], [7], [14], [15], [16].

B. Signal Model

With severe path loss and low backscatter efficiency, the
backscattered signals are weak compared with the source
signal. Thus, the duration of the backscattered symbol is
usually extended to reduce communication errors. We assume
that one CSK symbol includes N backscattered signals. Let us
denote the n-th backscattered signal as x(n), and the source
signal as s(n). Then the n-th received signal at the reader is

)

where n=1,2,--- N, a is a coefficient representing the scat-
tering efficiency and antenna gain, and w(n) is the zero-mean
additive white Gaussian noise (AWGN) with variance a‘fv.
The tag adopts the CSK modulation to convey its informa-
tion and the different code is chosen by different transmission
bits. Assume that there are L codes in the codebook for CSK.

In other words, the CSK codebook can be expressed as

y(n) = hgs(n) + hphpax(n)s(n) + w(n),

X={x1,%, " ,XL},

2

where each x; = [x;(1),x;(2), - ,x;(N)],[=1,2,---,Lis a
vector containing N backscattered signals. Then, the received
signal can be rewritten in the vector form as

3)

where © is Hadamard product [20]. The vector y, s and
woare [y(1),y(2),---,y(N)], [s(1),5(2),---,s(N)] and
[w(1),w(2), - ,w(N)] respectively. The vector x is chosen
from {x,X5,---,Xp}.

The codes in the codebook should be orthogonal to each
other so that they can be distinguishable in the detection. There
are some codebooks satisfying this requirement [21]. But
considering the tag is usually produced with simple hardware,

y=s0 (hd+ozhbhfx)+w,
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a simple codebook is suitable for the tag. Thus, Hadamard
matrix [22] is adopted in our CSK. CSK employs only two
impedance for transmitting its information, which can be easily
implemented at the tag. Let Cp» be a Hadamard matrix of
Co Cyp | .
Car —cbp] ®
a Hadamard matrix of size 2P*!. Note that C;=1. Thus, the
size of Hadamard matrix can be infinite, and the orthogonality
of this matrix is ensured, which means that there are no
scalability limits in CSK. Part of the rows in Hadamard matrix
is adopted as the codebook and the all-1 row is excluded. This
is because we consider the source as a hidden tag and the
all-1 row is its inherent code. Since other rows in Hadamard
matrix are orthogonal to the all-1 row, the interference from
source signals can be reduced. Due to the number of rows in
Hadamard matrix is integer power of 2 and the all-1 vector
cannot be used, we generate Hadamard matrix with 2L rows
and choose only L rows as candidate codes to make up the
codebook.

Each code in the codebook contains M = 2L symbols.
However, the number of backscattered signals N is usually
much larger than M. To match the code with the transmission
of backscattered signals, each symbol in a code is mapped
to backscattered signals by copying itself K = N/M times.
Without loss of generality, we assume that the result of K is

size 2P. Then the partitioned matrix Cyp+1 =

an integer.
The properties of CSK codes will be used in the sequel are
x1] =0, 4)
xlxlT =N, (5
xxp, =0,0' #1, (6)
x;s7 ~ 0, (7)
xw' %0, (8)

where 1y represents the all-1 row vector with a length N.
The first three properties are intrinsic properties of Hadamard
matrix. The last two properties are derived because the ambient
source signal and noise are assumed to be zero mean. This
assumption is reasonable since the source signal with the
complex Gaussian (CG) distribution or phase-shift keying
(PSK) or quadrature amplitude modulation (QAM) has zero
mean. The AWGN noise is random and usually has zero mean
leading to correctness of the last property in (8).

For ease of explanation, we take L =2 and N = 200 as an
example to illustrate our method. A 2L x 2L Hadamard matrix
C, is given by

1 111
1 -1 1 -1

C=ly v o ©)
1 -1 -1 1

In this case, we can deduce that M = 4 and K = 50.
We choose the second row and the third row for the code-
book. Thus, the transmission vectors of backscattered symbols
are [1ix50, —1ix50, lix50, —1ixs0] for the second row and
[11><50, 11><50, —1]><5(), —11><50] for the third row, where —11><[<
represents the all-—1 row vector with length K.

Since there are L codes for a backscattered symbol and only
one code is chosen to backscatter signals, the tag can transmit

log, L bits during one backscattered symbol. The number L
usually takes an integer power of 2, so that a one-to-one
mapping between input bits and active code indices can be
realized.

III. DETECTION FOR CSK

In this section, we propose the CED detection for the CSK
modulation. In order to mitigate the negative impact of source
signals on the detection of the active code index, the received
signals have a element-wise multiplication with its complex
conjugate signals. The outcome of this operation is the energy
vector of the received signal. Next, the candidate backscattered
signal vector, i.e., one code from the CSK codebook, correlates
with the received signal energy vector. In this process, the
unknown source signals can be converted into a constant.
Finally, the index of the maximum correlator’s output is
determined as the active code index.

In summary, the correlator’s output in the CED detection
can be conducted by calculating

T
X (yo
Ix;(y©y") h (10)
N
where the superscript (-)* represents complex conjugate oper-
ation and x; is chosen from {xi,xy, - ,xy}. Substituting (3)

into (10), (10) becomes (11), as shown at the top of the
next page. Since the x in (3) may be different from or the
same as X;, we will discuss both two cases in the following.
We use (12-i) and (13-i), i = 1,2,3,4,5, to refer to the
i-th term in (12) and (13) respectively. For example, (12-1)
is Xﬁ’[shd O (s© ahphsx;)” ]T. Note that ss” ~ NP; when
s(n) ~ CN(0, P), where CN (i, %) denotes the complex
Gaussian distribution with mean p and variance o2, and Py
is the average transmission power of the source, ss’’ = NP
when s(n) is PSK modulated signal. For both types of source
signals, wsf ~ 0.

Case 1: x = X;. Substituting x = X, into (11) and discarding
terms unrelated to x;, (11) changes to (12), as shown at the
top of the next page. The terms (12-1) and (12-2) equal
to Pshg(ahphy)* and Pgahphyph®,, respectively. The term
(12-3) equals zero since it has three x,. Although (12-4)
and (12-5) have two x,, they equal to zeros approximately
since ws’’ ~ 0. The final result in (12) is approximated as
2P R {ha(ahyhys)*}, where R{-} represents the real part of
a complex number.

Case 2: X = Xj,j # t. Substituting x = x; into (11) and
discarding terms unrelated to x;, (11) changes to (13), as
shown at the top of the next page. The first two terms in (13)
equal to zeros. This is because the element-wise multiplication
between x; and X; has equal numbers of +1 and —1. The
analysis to other terms in (13) is similar to that we mentioned
in (12), and we omit here for brevity. The final result in (13)
shown at the top of the next page is approximated as 0.

In summary, the final result in Case I will be greater than
that in Case 2. Thus, X can be estimated by

. IxGyoey)|
X=max ————.
Xt N

Remark 1: Note that 2P,R {hq(ahyhs)*} and O are
approximated values for (12) and (13), respectively.

(14)
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ﬁ [Shd © (Shd)* +shy © (S © a/hbth)* +s0O a'hbth © (Shd)* +s0O a'hb/’le © (S © ahbhfx)*] T (11)
N SO hg OW' +SO ahphyX O W' + [$"h), O W+8" O (ahphx)" O W] + WO W*
X; | shy © (S ©} ahbhfx,)* +s0O ahbhfxt O} (Shd)* +S0O a'hb/’le, © (S O] a’hbth,)* T
X:XZ,ﬁ 7 * * * (12)
N +s O ahphsX; O W' +5" O (ahphyx,)" O W
X; | [shgy©(sO ahbhij)* +SOahyhsx; © (shyg) +s0O ahphyx; © (s ahbhij)*] T
X=X;,= — . . . : (13)
N +(s O ahphsx; O W) + [s" O (ahphsx;)* O W])

Such approximation is more accurate for source signals with
constant envelop (such as PSK signals) than for random
source signals (such as CG signals). For s(n) ~ CN(O, Py),
increasing Py will also increase its variance, which leads to a
bigger variation of (12) and (13) around 2P,R {hd(ahhhf)*}
and 0, respectively.

Remark 2: Previous works on binary modulation or high-
order modulation [6], [7], [14], [17] require to estimate
channel state information related parameters to facilitate detec-
tion. Our proposed CSK and its detection method can function
without exact channel state information or any estimated
parameters. This advantage avoids sending multiple training
symbols at the tag, increasing the transmission efficiency.

In addition, the detection thresholds in terms of different
sources are different in the OOK symbol detection process [6].
In contrast, the proposed detection process is the same for any
source signal that has zero mean. It means CSK can adapt to
multiple types of sources and changes of the source without
modifying its detection algorithm. Moreover, the knowledge of
the source power is not required at the receiver since the active
code index can be detected without calculating the detection
threshold.

High-order modulation in the space and frequency domain
needs additional hardware i.e., multiple antennas at the tag,
or multiple frequency bands while CSK does not. Note that
the signal domains including time, space and frequency are
orthogonal to each other. Thus, the proposed CSK can be
easily integrated with the other high-order modulation schemes
to further enhance the transmission rate of AmBC. For exam-
ple, CSK can be applied to the time slots of time domain
modulation. In the active time slot, the tag uses active codes
to backscatter. Then, the receiver can use CED to detect the
indices of the active time slot and code simultaneously.

Remark 3: The analysis of complexity and energy effi-
ciency for CSK is presented in the following. To make a fair
comparison, we choose [6] and [7] where the system does not
have additional hardware and frequency bands. The detection
method used in [6] and [7] is the energy detection (ED)
by calculating y¥y/N. Our CED detection is realized is by
calculating (10). The traditional ED has N multiplications and
N — 1 additions while our CED has 2N multiplications and
N — 1 additions. However, our CSK does not need to send
training sequences at the tag to estimate some parameters used
in the symbol detection. As can be deduced from [6] and [7],
the length of the training sequences is usually set as 8 — 12 to
achieve the best estimation accuracy. The computational com-
plexity of the parameter estimation method in [6] and [7] is the
same as ED. Define the length of the training symbols and data
symbols as L, and L, respectively. Neglecting the additions

in detections, we can roughly infer that CSK has a lower
complexity if Ly < L,. Thus, depending on the frame format,
the total computational complexity of the method in [6] and [7]
may be higher or lower than our method. Nevertheless, both
CSK and OOK in [6] and [7] have low polynomial complexity
during the detection, which is affordable to a plug-in receiver
or even a passive receiver.

We consider the energy efficiency for a backscatter com-
munication system as R/(P, + P;) [23], [24], where R is the
communication rate, P, and P, are the power consumption
of the tag and the receiver circuit respectively. The power
consumption of the receiver is mainly related to the detec-
tion complexity. The CSK tag has almost the same energy
consumption compared to the OOK because it only needs to
toggle its switch several times in one CSK symbol. However,
the high-order CSK receiver can detect more bits than the
OOK receiver in [6] and [7] and does not need to estimate
parameters before the data detection.

IV. SIMULATION RESULTS AND DISCUSSIONS

In this section, simulation results are presented to evaluate
the performance of the CSK modulation for AmBC.

We set iy ~CN (0, 10), hp, hy ~CN (0, 1). The coefficient a
representing the scattering efficiency and antenna gain is 0.5.
We use CG signals, i.e., s(n) ~ CN(0,Ps), and M-PSK
signals as source signals. The source power Py is assumed
equal for both two sources and set to 1. Without loss of
generality, the type of the M-PSK source is the 8PSK source.
The SNR is defined as P,/c2,. Matlab is used to conduct the
following simulations and more than 5000 channel realizations
are made to get the average BER.

We first evaluate the impact of the SNR on BER. The value
of N is set as 320. To provide a BER benchmark performance,
we compare CSK with OOK proposed in [6]. The length of
the training sequence used in [6] is set as 12. The proposed
CSK with L = 2 has almost the same BER performance as
OOK for both two sources. Given that the CSK modulation
is non-coherent while OOK in [6] is semi-coherent, CSK
should have a worse BER. However, CSK achieves comparable
performance to OOK by using {+1,—1} in the Hadamard
matrix. From Fig. 2, the BER decreases with the increase of
SNR. As the SNR increases, the source power increases when
the noise power is fixed. As shown in Remark 1, increasing
P, also increases the variance of (12) and (13) when the
source signal is complex Gaussian distributed, which means
the interference exists in the high-SNR level. The BER of
8PSK has no error floor and is much lower than that of CG
source due to its constant envelope signal property. The symbol
duration is the same for high-order CSK and OOK. Thus, the
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communication rate of CSK is log, L times of the OOK. That
is, CSK has higher channel utilization than OOK for L > 2.
For both sources, the increase of L leads to an increase in
BERs. This means that a higher modulation order achieves a
higher data rate at the cost of a high BER.

Next, the impact of the length of N on BER is studied.
The SNR is set as 20 dB. It is obvious that a larger N results
in a smaller BER for all cases, and there is no error floor
in the large N region as shown in Fig. 3. To decrease the
BER continuously, the tag can extend the duration of the
backscattered symbol.

V. CONCLUSION

This letter has studied the CSK modulation and the CED
detection for an ambient backscatter communication system.
This CED detector can estimate the active code index by using
the candidate code to correlate with the received signal energy
vector. Thus, it is a non-coherent detector. We discussed the
advantages of CSK over other modulation schemes. Simulation
results show that high order CSK and its detection can be
implemented for AmBC with satisfactory BER.
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