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ABSTRACT This article describes the fundamental principles and mathematical foundations of quantum
direct-sequence spread-spectrum code division multiple-access communication systems. The evolution of
quantum signals through the quantum direct-sequence spread-spectrum multiple-access communication
system is carefully characterized by a novel approach called the decomposition of creation operators. In
this methodology, the creation operator of the transmitted quantum signal is decomposed into the chip-time
interval creation operators, each of which is defined over the duration of a chip. These chip-time interval
creation operators are the invariant building blocks of the spread-spectrum quantum communication systems.
With the aid of the proposed chip-time decomposition approach, we can find closed-form relations for
quantum signals at the receiver of such a quantum communication system. Furthermore, this article details the
principles of narrowband filtering of quantum signals required at the receiver, a crucial step in designing and
analyzing quantum communication systems. We show, that by employing coherent states as the transmitted
quantum signals, the interuser interference appears as an additive term in the magnitude of the output
coherent (Glauber) state, and the output of the quantum communication system is a pure quantum signal. On
the other hand, if the transmitters utilize particle-like quantum signals (Fock states) such as single-photon
states, the entanglement effect can arise at the receivers. The important techniques developed in this article
are expected to have far-reaching implications for various applications in the exciting field of quantum
communications and quantum signal processing.

INDEX TERMS Chip-time interval decomposition, direct sequence, quantum broadcasting channel, quan-
tum code division multiple access (QCDMA), quantum communications, quantum filter, quantum interfer-
ence, quantum multiple access, quantum networks, quantum signal processing, quantum spread-spectrum
technology.

I. INTRODUCTION

Quantum information technologies are emerging due to the
unique and fundamental features of the quantum phenom-
ena such as superposition, entanglement, and quantum in-
terference. Similar to the age of conventional information
technologies, where classical communications was the key
enabler, quantum communication plays a major role in the
era of quantum-based information technologies [2], [3].
Compelling applications such as the transmission of quan-
tum and classical information within the future quantum

communication networks [4], [5], distributed quantum in-
formation processing networks [6], quantum signal process-
ing [7], and the ultimate secure communications through
quantum key distribution [8], [9] have made quantum com-
munications a very active field of research.

Manipulating the shape of the quantum photon wavepack-
ets is the central element of many quantum communication
techniques. In this regard, the information can be encoded in
quantum states of light, forming a quantum signal that can be
transmitted through the quantum communication system [3].
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High-speed electro-optical modulators can be utilized to
arbitrarily modulate the amplitude and phase of temporal
photon wavepackets [10], [11], [12].

The spread-spectrum technology is one of the most
adopted techniques in classical communication systems due
to multiple access and interference management capability
and low probability of intercept [13]. The basic concept
of spread-spectrum communication systems is to broaden
the spectrum of the transmitted signals by the processing
gain factor utilizing a spreading sequence. This process sup-
presses the signal and hides it below the noise. Decoding the
transmitted signal with the same spreading sequence at the
receiver increases the signal-to-noise ratio and reconstructs
the signal for the intended user.

Direct-sequence spread-spectrum methods have been ap-
plied to single photons [14]. A quantum spread-spectrum
multiple-access scheme based on optical circulators is de-
scribed in [15]. Although the mentioned papers discuss
the possibility of applying the spread-spectrum techniques
to quantum signals, none has rigorously characterized the
spread-spectrum communication systems in terms of the
mathematical language of the quantum mechanics and tech-
nology. With this background, the essential steps toward
describing the quantum mechanical principles of spectral
domain quantum code division multiple-access (QCDMA)
communication systems are taken in [16].

While Rezai and Salehi [16] present a spectral-domain
framework for QCDMA that specifically targets coherent
ultrashort quantum light pulses (also see [17]), our work
explores a time-domain direct-sequence spread-spectrum
QCDMA approach (see [13] for the classical counter-
part). In the spectral-domain encoding of [16], the signal’s
sampling time plays a key role in retrieving transmitted
information, whereas our time-domain method addresses
distinct challenges involving signal reconstruction and
filtering.

In this article, we introduce a novel method called the chip-
time interval decomposition of creation operators, which
serves as the quantum counterpart to “chips” in classical
direct-sequence spread-spectrum code division multiple ac-
cess (CDMA). This formulation unifies spread-spectrum en-
coding with quantum mechanical operators and provides
a structured analysis of quantum signal evolution across
the multiuser quantum communication network. Meanwhile,
Rezai and Salehi [16] employ spectral-phase shifts for ul-
trashort pulses without requiring narrowband filtering, while
our time-domain framework necessitates such filtering to re-
cover transmitted signals effectively.

This new chip-time interval decomposition approach
yields closed-form results for user interference, offers deeper
insights into multiuser quantum signal processing, and high-
lights the role of entanglement in multiuser Fock state inputs.
Moreover, the additional requirement of filtering in time-
domain QCDMA—absent in the purely spectral encoding
scheme of [16]—introduces another layer of complexity that
our work explicitly addresses.
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The rest of this article is organized as follows. Section II
describes the operation of a quantum spread-spectrum trans-
mitter, including the description of the quantum signals and
the spreading operator. The quantum spread-spectrum com-
munication receiver is described in Section III, where the
signals are first decoded using the proper signature sequence.
After applying the decoding operator, a narrowband filter (in-
tegrator) is used to reject the out-of-band interuser interfer-
ence. This section develops a practical description of quan-
tum filters for quantum communication systems from a novel
perspective. A photon counting measurement is considered
at the final state, giving the photon statistics of the received
quantum signal. The overall quantum spread-spectrum com-
munication system is described in Section IV. This section
describes the effect of the quantum broadcasting channel,
i.e., a star coupler, and derives the evolution of quantum
signals in the considered multiple-access quantum commu-
nication system. In all of the mentioned sections, the sys-
tem is carefully analyzed by the proposed chip-time interval
decomposition approach that is introduced in Sections II-C
and II-E. This approach gives closed-form expressions for
the quantum signals that propagate through the system and
leads to the chip-time decomposition methodology for the
description of the quantum spread-spectrum CDMA com-
munication systems in Section IV-C. Section V applies the
proposed methods to a two-user spread-spectrum quantum
communication system and presents the simulation results.
Finally, Section VI concludes this article.

Il. QUANTUM DIRECT-SEQUENCE SPREAD-SPECTRUM
(QDSS) TRANSMITTER

In this section, we describe the application of spread-
spectrum technology to quantum communication signals in
terms of Dirac’s formalism. A quantum communication sig-
nal is mathematically represented as a quantum state of light.
At the transmitter, shown in Fig. 1, this quantum light goes
through an electro-optical modulator that encodes a pseudo-
random sequence onto the photon wavepacket of the trans-
mitted quantum signal.

The sequence encoder (code multiplier) in our QDSS com-
munication system can be physically realized by electro-
optic modulation [18]. A variety of electro-optic modula-
tor platforms can implement the phase shifts needed for
direct-sequence spread-spectrum encoding (and decoding).
In the following, we briefly highlight four major material-
platform categories, drawing on recent progress in the tech-
nology [19].

1) Lithium niobate: Lithium niobate has traditionally
been the utilized platform for high-speed electro-optics
and is well known for enabling modulation of quantum
signals [18]. Bulk lithium niobate modulators have al-
ready proven effective for notable proof-of-concept ex-
perimental demonstration of quantum spread-spectrum
encoding and decoding at the single-photon level [14].
More recent thin-film and on-insulator lithium niobate
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FIGURE 1. Effect of quantum encoder on the transmitted quantum
communication signal with photon wavepacket &(t) with processing gain
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devices allow compact Mach—Zehnder, ring-type, or
topological modulators [20], [21] that can reach tens
of gigahertz bandwidth [19].

2) Indium phosphide: Indium phosphide modulators can
also deliver high bandwidth and relatively moderate
drive voltages. Devices in this material have achieved
bandwidths up to tens of gigahertz while maintaining
small footprints [19].

3) Silicon and hybrid-silicon approaches: Silicon pho-
tonics technology naturally lends itself to tight inte-
gration with foundry-compatible processes. Also, sil-
icon carbide on insulator modulators offer a differ-
ent mechanism within a similar fabrication environ-
ment [22]. Although large-scale production is an ad-
vantage, pure-silicon modulators can be limited in
speed or phase efficiency. To overcome these limi-
tations, “hybrid-silicon” modulators incorporate ad-
ditional electro-optic materials bonded or deposited
onto silicon chips, taking advantage of silicon’s exist-
ing infrastructure while improving bandwidth. Exam-
ples include polymer—silicon hybrids, lithium niobate—
silicon systems, and plasmonic-organic slot waveguide
designs [19].

4) Two-dimensional materials: Finally, 2-D materials,
such as graphene, have also been considered for high-
speed modulation at or near the single-photon level,
due to their strong electro-absorption or refractive ef-
fects [19]. Although research remains at an early stage,
the small footprints and potentially broad optical band-
widths of certain 2-D materials offer a future path for
integrated QCDMA transmitters on a chip.

In the rest of this section, we show that analogous to the
classical spread-spectrum communication signals, the tem-
poral behavior of this photon wavepacket can be expressed
based on the concept of chip-times. In this regard, we present
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a temporal decomposition for the creation operators of the
transmitted quantum communication signals. The interested
reader can find further details of quantum pulse shaping
in [23].

A. QUANTUM SIGNAL DESCRIPTION

Quantum signals generated by a user’s transmitter are in the
form of quantum light pulses. The temporal shape of these
quantum signals can be described by the so-called photon
wavepacket &(f). A pure quantum signal |v¢) with photon
wavepacket £(z) can thus be written as a superposition of
number states with photon wavepacket £(¢), i.e., |ng) [16]

We) =Y culne) = £(@))10) ()

with |0) denoting the vacuum state and the creation operator
of the quantum light pulse, i.e., &g, is defined based on its
corresponding photon wavepacket

al = / ” dtE()a'(r) = / h dof (@' (@) (2)

—00

where (1) and @' (w) are the continuous mode creation op-
erators in time ¢ and frequency o that are related to each other
according to the Fourier transform relationship. It is more
appealing to use the engineering convention! for imaginary
numbers throughout this article. Thus, we may write [25]

a(w) = dta(t)e ", 3)

1 oo
N2 ./;oo
Based on the aforementioned definition, the spectral shape of
the quantum signal, i.e., £ (w) is the Fourier transform of the
temporal wavepacket £(¢), i.e., £ (w) = F{E(t)}).

Since £(¢) and £(w) represent the quantum probability
amplitudes, they are normalized

> 2 * s 2
/ 1§@)I°dr =1 / §(@)|"do=1.  (4)
—00 —00

Consider a quantum baseband rectangular signal of dura-
tion 7. For such a quantum communication signal, we may

obtain the corresponding creation operator as

g fnﬁ3*® 5)
a. = —d .
7 T,

Any pure quantum communication signal with a particular
wavepacket, such as £(¢), can be expressed in terms of the
general equation in (1).

1) EXAMPLE 1
One choice for the transmitted quantum signals is photon
number states |ng) with wavepacket & () and single-photon

ISince we deal with filters and signal processing throughout this article,
it is more convenient to use the engineering convention for representing
the imaginary numbers. The notions are thus consistent with the physics
convention using j = —i (see [24, p. 17]).
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states |1¢) as a special case, defined as

|0) (6)
with [1g) = d; |0) as a single-photon state.

2) EXAMPLE 2

As another example of quantum light, coherent (Glauber)
states of the following form with the same wavepacket, £(z),
can be used for data transmission:

00 0o neatyn

lo 2 o le 2 o"(ay)
=e 2 —e¢ 2 0
lag) :=e nE_Omlns) e nE—() p 0)

= D(az)|0) ™

where D(og ) 1= %0 i the displacement operator and
the last equality is obtained using exp(A + B) = exp(A)
exp(B)exp(—1[A, B). Also note that e=%"% |0) = |0).
Although coherent states inherently possess quantum me-
chanical properties, including being described by a superpo-
sition of photon number states, their photon statistics follow
a Poisson distribution. This statistical property makes them
particularly interesting, as they demonstrate classical-like
behavior, thus bridging quantum and classical regimes.

B. QUANTUM SPREADING OPERATOR

1) TEMPORAL MODULATION OF QUANTUM
COMMUNICATION SIGNALS

In a quantum communication system, electro-optical modu-
lators can be used to encode a user’s spreading sequence on
the temporal shape of the transmitted quantum signals [26].
Mathematically, this encoding corresponds to applying a
unitary time-domain phase-shifting operator

T,
U= exp{ j/ Pe(t)a*(z)a(t)dz} 8)
0

where 6(¢) is a prescribed phase shift. When this opera-
tor acts on the Fock basis |ng) (number states with photon
wavepacket &()), it produces

Ulng) = Inge) 9)

where £°(t) = e//D&(t). Hence, the original temporal
wavepacket £(¢) is transformed into its encoded version
£°(r). Acting on an arbitrary state |Yg) = Y, calng), we
obtain

Olye) =Y callng) =Y calnge) = [yee)  (10)

demonstrating that the phase-shifting operator converts the
original wavepacket £(¢) into the modulated or encoded
wavepacket £€(¢).
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FIGURE 2. Temporal decomposition of photon wavepackets for N. = 2. A
photon wavepacket &(t) can be viewed as a combination of chip-time
wavepackets, & (t).

2) DIRECT-SEQUENCE SPREAD-SPECTRUM ENCODING

In the rest of this article, we focus on a random binary
spreading sequence whose phase-shift values are either 0 or
7. Let the total pulse duration 7}, be divided into N, chips,
as depicted in Fig. 1. Hence, the boundaries of the chips are
0=1 <t <--- <ty =T, Note that, over each chip time
[#%, tx+1), the phase shift 6 (1) = 6 remains constant at either
0 or . Define

At) = /D). (11)
Thus, for t € [tg, tx+1)
()= € {0, 1} Arp:=e% e {=1,+1}.  (12)

Hence

Ne—1 B
Al) = ;Ak rect(t Tctk) (13)

where rect(f) is a unity-amplitude rectangular function of
unit duration. This random piecewise-constant A(¢) encodes
the user’s spreading sequence on & (¢), producing the spread-
spectrum wavepacket £¢(1) = A(t) £(t). Therefore, the code
sequence can be denoted by A = (Ao, A1, ..., Ay.—1).

C. CHIP-TIME CREATION OPERATORS

To analyze quantum spread-spectrum signals in the time do-
main, it is helpful to view the pulse as composed of chip-time
subpulses. From a quantum-mechanical perspective, if each
chip occupies [#k, fx+1) and satisfies

g1 1
[ ora = & (14)
1 c

then the probability of detecting a photon in each chip in-
terval is 1/N,. Defining &(t) := /N.£(t) over [ty, try1)
and O elsewhere, we see that &(¢) is a normalized photon
wavepacket restricted to the kth chip (see Fig. 2 for an il-
lustrative example). The corresponding chip-time creation
operator is

k41
at, :=f g a' @) dr. (15)
Tk

These &gk operators serve as the natural building blocks for
spread-spectrum signals, each representing photon creation
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within a single chip. For instance, a rectangular & () of dura-
tion 7}, decomposes into N, intervals of length T, with

Ne
E) = \/; t € [ty tir1) (16)

0, otherwise.

Because the chip-time intervals do not overlap, these cre-
ation operators commute for distinct k and /.

Proposition 1: The chip-time interval creation operators
have the following properties.

1) The corresponding wavepacket satisfies the required
normalization property of a photon wavepacket

TP
/0 & ()|2dt = 1. (17)

2) Nonoverlapping chip-time interval creation operators
commute

[as,.al, | = ou (18)

where 8y is the Kronecker delta, where &gk = fl 2"“ dt
E(0)a’ (1)

Proof: See Appendix A. |

Moreover, we show in the following theorem that any
creation operator dg can be written as a linear combination of
the chip-time interval creation operators, thereby simplifying
the mathematical description of quantum spread-spectrum
signals.

Theorem 1 (Chip-time Interval Creation Operators): A
quantum field creation operator, dg, with wavepacket &(¢)
can be decomposed into chip-time interval creation operators
according to the following relation:

i — Nfaf. (19)
3 mk:o &k

Proof: See Appendix A. |
The chip-time interval creation operators give us insight on
how the spreading operator acts on different quantum states
and how quantum signals evolve through a spread-spectrum
communication system. This novel interpretation leads to the
definition of chip-time number states
@,
Ing,) = 0) (20)
Vn!
which indicates a quantum state with exactly n photons in
interval [#, tx+1) and wavepacket & (7).

D. CHIP-TIME HILBERT SPACES

As discussed in the previous section, the chip-time inter-
val creation operators are associated with chip-time number
states. As we show throughout this article, these chip-time
number states form an invariant basis for the quantum sig-
nals’ evolution through the spread-spectrum communication
system.
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FIGURE 3. Hilbert space view of chip-time interval decomposition. A
chip-time Hilbert space is associated with each chip-time interval of the
quantum communication signal. The encoded and decoded quantum
signals can be represented in the tensor product space of these
chip-time Hilbert spaces.

The kth chip-time number states, |ng, ), n =0, 1, .. ., natu-
rally form a basis for a Hilbert space,” ;. We call this space
a chip-time Hilbert space. Number states |ng ) associated
with the creation operator dgk form a basis for Hy. Fig. 3
shows how the spread-spectrum quantum signals can be de-
scribed in accordance with these chip-time Hilbert spaces.
As seen in this figure, a Hilbert space is associated with each
chip-time of the quantum spread-spectrum signal. The over-
all signal’s wavepacket can always be decomposed into these
chip-time building blocks. Each chip-time Hilbert space de-
scribes a single chip of the quantum signal. Since chip times
are nonoverlapping, the overall Hilbert space representing
the original, encoded, and decoded spread-spectrum quan-
tum signals is the tensor product of the chip-time Hilbert
spaces.

E. CHIP-TIME INTERVAL DECOMPOSITION OF QUANTUM
SIGNALS

With the aid of the chip-time interval creation operators, we
can decompose different quantum signals in time. Coher-
ent states and number states are among the most important
quantum signals. For coherent states, the decomposition has
a tensor product form.

2The Hilbert space presented here corresponds to Fock space in the field
of quantum many-particle systems [27].

4100940



@IEEE Transactions on,
uantumEngineering

Dastgheib et al..: QUANTUM DIRECT-SEQUENCE SPREAD-SPECTRUM CDMA COMMUNICATION SYSTEMS

Proposition 2: The coherent state |ag) can be written as
the tensor product of coherent states on different intervals

Ne—1
g
D(az) = D( ) 1)
Ne—1
) = ] “—§> (22)
eo | VNG

lo|
where | ) = D(75)(0) = ¢ 5 ok o).

Proof: See Appendlx B. |

For number states, the decomposition results in a
superposition.

Proposition 3: The chip-time interval decomposition of
number state |ng) can be expressed in terms of the following
superposition of different intervals:

Ne—1
Ing) = > Calno. . onye—1) [ Ik
no+ny+-tny._1=n k=0

= Z Cn(no,nl, ...,nN(_l)
notn+--+ny._1=n
X |nogy, Mgy o AN~ 18y, ) (23)
where [n9,g), 11g,, - - - AN~ 1,8y, ) 70,60} 1n1.6,) - - -

InN.—1.6y,_;) and |nj g ) means that the state has ng photons
with wavepacket & (¢) in interval [#, #x41) and its probability

in the superposition is |Cy(ng, ny, . . ., nNC_1)|2, where
Cul )= — ( " )
no, Ny, ..., 0N.—1) :=
e e VNI \no, n, .. ny—1
(24)
and
n n!
< ) = (25)
no,ny, ..., 0N.—1 n0!n1!~-~nN(_1!
Proof: See Appendix C. |

For n = 1, i.e., the single-photon quantum signal, we have

I1g) = Z I1g,) (26)

which means that a single photon with wavepacket & (¢) can
be viewed as a superposition of single photons at different
chips with probablhty N

Since number states |ng) form a basis for the Hilbert space
of quantum signals with photon wavepacket £(¢), one can
obtain the temporal decomposition of any arbitrary quantum
signal by substituting Proposition 3 in [y¢) = ), cplng).

F. CHIP-TIME INTERVAL DECOMPOSITION OF THE
SPREADING OPERATOR

In order to further investigate the effect of the spreading
operator on the quantum signals, we decompose U into
its constructing chip-time interval operators. The following
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theorem shows that the spreading operator can be decom-
posed into operators that each act on an individual chip time.

Theorem 2: The chip-time interval decomposition of
quantum spreading operator, U, results in the following
expression:

Ne—1
U= ][]0 (27)
k=0
where
R Tit1
Uy :=exp ( j / dt@M(t)d(t)) (28)
Ik
has the following property:
O @] =0, 1k (29)
Proof: See Appendix D-A. |

G. CHIP-TIME INTERVAL DECOMPOSITION OF
SPREAD-SPECTRUM QUANTUM SIGNALS
In this section, we obtain the chip-time interval decompo-
sition of the spread-spectrum quantum signals by applying
the spreading operator to the transmitted quantum signals.
As a result, we demonstrate that a spread-spectrum quantum
signal can be characterized by chip-time interval creation
operators.

Theorem 3: The effect of spreading operator on the cre-
ation operator of a quantum signal with wavepacket &(¢) is
given by the following chip-time interval decomposition:

dge :=0a 0" = Z il (30)
Proof: See Appendix D-B. |
From Theorem 3, illustrated in Fig. 4, we obtain the chip-

time interval decomposition of quantum signals in the fol-

lowing propositions.

Proposition 4: The spread-spectrum coherent state ob-
tained by applying the spreading unitary transformation U on
lotg ), 1.e., |age), can be written in the following tensor product
form:

N Are
Ulog) = Jorge) = ]_[ Ek> (31)

Proof: See Appendix E-A. |

Proposition 5: The spread-spectrum number state ob-
tained by applying the spreading unitary transformation U on
|ng), i.e. [nge), can be written in the following superposition
form:

Ulng) = |nge)

3Some authors use ® instead of [ to represent the tensor product. See
Appendix M for related discussions.
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FIGURE 4. Effect of spreading operator on the creation operators. The
spreading operator converts &(t) to £%(t). According to Theorem 3, this
evolution is equivalent to applying the code sequence on the individual
chip-time interval creation operators.

Ne—1
= > Calno. iy, omy—1) [ | Q)™ Ing).
no+ny+-+ny,—1=n k=0
(32)
Proof: See Appendix F-A. |

As an example, we have simplified the results of Proposi-
tion 5 for n = 1, 2, 3 in Appendix F-A.
For n = 1, we have

Ne—1
Ullg) = [1ge) = (33)
For n = 2, we obtain
Ne—1
U12¢) = 2%) = Z 12¢,)
NC—INC—I
Ty Z Z ‘/_)‘ko)‘kluéko)“‘?kl)
k1 =0 kg=0
s.t. k1>k0
(34)
For n = 3, we have
Ne—1
U[3z) = [3¢e) Z Mo |3g,)
Ne—1Ng—1
Z Z V3ol ) 26,,)
=0 kg=0
Ne—1Nq—1N.—1
+—Z > > V3lughi
¢ ky=0 k;=0 ko=0
s.t. ky>ky>ko
X [l Mg Mg, ) (35)

We can observe that for number states, the spreading op-
erator encodes the random sequence into the superposition
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coefficients of the chip-time interval number states. On the
other hand, the same spreading operator results in separa-
ble chip-time encoded states for the coherent transmitted
quantum signal.

1Il. QDSS RECEIVER

In order to investigate the basic operation of the quantum
spread-spectrum receiver, consider a point-to-point commu-
nication scenario depicted in Fig. 5. The sequence A en-
codes the transmitted quantum signals in this scenario. Post
encoding, the signals are decoded by another sequence A.
Then, a narrowband filter is applied so that the correctly de-
coded signal arrives at the receiver end. The narrowband filter
rejects the out-of-band incorrectly decoded signals, as they
have higher bandwidth due to the use of spread-spectrum
technology. Note that in our quantum optical setup, we treat
multiuser interference as the primary source of noise. Hence,
in the optical fiber point-to-point case, the channel is con-
sidered ideal. The star coupler serves as the shared quantum
channel, as described in Section IV.

The typical point-to-point quantum spread-spectrum com-
munication system of Fig. 5 comprises a quantum transmit-
ter, a quantum spreading operator (encoder) with sequence
A, a quantum despreading operator (decoder) with sequence
A, a quantum filter, and a photodetector (quantum measure-
ment). The quantum transmitter associates a pure quantum
state to each transmitted data symbol. After that, the spread-
ing operator U applies a unitary transformation to the trans-
mitted quantum signal. This direct-sequence code multiplier
may be realized using electro-optical modulators to apply the
required random temporal phase shifts. The signal is then
despread (decoded) at the receiver by applying the inverse of
the quantum spreading operator UT. The signal then passes
through an optical narrowband filter. The desired output of
the filter is possibly a mixed quantum signal and is denoted
by pT. In order to obtain the photon statistics of the received
signal, we consider an ideal photodetector after the filter. The
photon counting detector is described by the number operator
N. We show that decoding the quantum signal with a wrong
code sequence results in noise due to unmatched spreading
sequences at the receiver, while the original quantum signal
can be recovered by decoding with the correct code.

A. DECODING THE DIRECT-SEQUENCE
SPREAD-SPECTRUM QUANTUM SIGNALS

The description of decoded sequence can be obtained accord-
ing to the proposed temporal decomposition framework.

Proposition 6: Decoding a spread-spectrum coherent
state |age) = ]_[fol | —=% i E" ) with spreading sequence A and

despreading sequence A glves the following state:

NeZ 1 Mg,
lotza) = IQ) T > (36)
Proof: See Appendix E-B. |
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Optical
Fiber
Channel

Quantum

Encoder U
(A)

FIGURE 5. Point-to-point quantum spread-spectrum communication system.

Lowpass Filter

Tp

T T

PN(t) Hr(w)

FIGURE 6. Typical receiver structure for classical baseband
direct-sequence spread-spectrum communication systems. The received
classical communication signal s(t) is a pulse encoded with
pseudorandom sequence PN(t). This signal is multiplied by the
despreading code PN(t) at the receiver. The output passes through a
low-pass filter (an integrator).

Proposition 7: Decoding a spread-spectrum number state
Inge) with spreading sequence A and decoding sequence A
gives the following state:

Inea) = > Cn(no, ni, ..., nN.—1)
nony+-+ny,_1=n
Ne—1
< [T Garn)™Ing,). (37)
k=0
Proof: See Appendix F-B. |

If the encoded quantum signal is decoded with the correct
sequence, i.e., A = A, then the receiver will obtain the same
signal as the transmitted one.

B. FILTERING QUANTUM SIGNALS AT THE RECEIVER

Fig. 6 shows a typical receiver structure for classical base-
band direct-sequence spread-spectrum communication sys-
tems. In QCDMA, the decoding (despreading) operator plays
the role of the classical multiplier in the quantum domain. Af-
ter decoding the quantum signal, similar to classical spread-
spectrum CDMA communication systems, a narrowband
filter (low-pass filter for equivalent baseband signals) is
required to reject the out-of-band signal.

In this article, we consider a general two-port passive time-
invariant structure for the filter [28], [29], [30], as shown
in Fig. 7. A time-independent quantum filter is a passive
(energy-preserving) device that can be described by a uni-
tary transformation on two sets of input modes described
by creation operators a"(w) and bt (w). The input modes of
interest 4" () correspond to the quantum signal that is being
filtered. In contrast, b'(w) belongs to auxiliary modes that
are assumed initially to be in the vacuum state. Hence, a
two-port quantum filter is a unitary operator H(w) that acts
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Receiver :
1
1
Quantum |111d> . T ]
Decoder Ut LAl £ Quantum - [EES
(A) H(w) Measurement N :
;
Input Filtered output
quantum signal quantum signal
o Hry(w)
o — Filter H - ¢
o H(w) o
bt 't
|0) Hg(w)

Vacuum state

FIGURE 7. Filtering a quantum signal using a general structure with
input two ports corresponding to @' and b' and two output ports
corresponding to @' and b'. At the receiver, the quantum signals are

considered in the port corresponding to &', while the auxiliary mode b
is in vacuum state. The output of the filter corresponds to mode &' with
a narrowband response for Hr(w).

on two modes and generate new transmitted and reflected
modes @' (w) and b'F (w), respectively.

Conceptually, this filter, e.g., the narrowband Fabry—
Pérot used in [14], generalizes a beam splitter model to
include frequency-dependent (transmission/reflection) re-
sponses. Therefore, although it shares the fundamental uni-
tary property of a beam splitter, this quantum filter incorpo-
rates a narrowband spectral shaping that discriminates be-
tween in-band and out-of-band frequency components. As-
suming that the evolution operator of the filter is denoted by
H, we may write [31]

A (AT @) 4 a"(w)
H <13T(w)> H'=H(w) (iﬂ(@)

_ (Hr(®) Hr())\ (@ (@) (38)

- \Hr(@) Hr(@)) \P(@)
where Hr(w) and Hg(w) denote the complex frequency re-
sponse of transmission (through the desired port of the fil-
ter) and reflection (of the other filter port) components, re-
spectively. The unitary property of the transformation means
that the filter coefficients must satisfy the following relation-
ships [32]:

|Hr(w)]> + |Hr(@)]* = 1 (39)
Hr(w)HR () + Hr (w)H7 (w) = 0. (40)

To obtain the filter’s effect on the quantum signal, we
write the evolution of the creation operator of the transmitted
mode, which describes the received quantum signal

o0
ﬁagﬁ* = / dw€ (w)Ha" (w)H' (41)

—0oQ
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1.0 A

— |Hr(w)?

- |Hr(w)[?
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1€(0)?
|§e(w)I?
1€(0)]?

0.0 1 /

0.5 1

—
_2mQ 21
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w Te
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FIGURE 8. Frequency response of a typical low-pass baseband filter. The 3-dB bandwidth of the transmission filter H;(w) is equal to the bandwidth of
the original quantum signal and N, = 20. The quantum spread-spectrum signal has a higher bandwidth and does not significantly pass through Hy(w)
but significantly passes through Hg (o). Also note that |Hr(0)|? + |Hr(w)|? = 1 (all-pass filter).

doHr(@)E(@)d (@) + / doHg (0)E (@) (@)
42)

-/..
.

= wTCAl/;r + leA)g;

di(hr() x §0)a" () + / dr(hg(1) % £ (1)
(43)
(44)

where % stands for convolution, hrt(t) = F~!{Hy(w))},
hr(1) = F~'{Hr (@)}, Hr()§(w) = Flhr(t) x£(1)}, and
Hg(w)§(w) = F{hr(r) * §(1)}. Also

1 [ .
— di(hy(t)  £(1))a" (1)

i (45)
13’; - /00 dt(hg(t) * E(1)B" (1) (46)
R wr Jw

Note that for the quantum filter, transmission probability is

o0
w? :=f di|hr(t) = £(1)]? (47)
—00
and the reflection probability
o0
w3 :=/ dr|hg(t) * £(1)|*. (48)
-0

Indeed (using Parseval’s theorem), we have w% + wl% =1,
that is, the probabilities of reflection and transmission should
sum to one.

C. CHIP-TIME INTERVAL DECOMPOSITION OF THE
QUANTUM FILTER

1) GENERAL TWO-PORT FILTER

We can represent a general optical filter [33] by the Fourier
series of its transfer function. Thus, for a causal optical fil-
ter [34, Sect. 10.7.1], we may write

Hr(w) =) de™ " (49)
=0

VOLUME 6, 2025

Hr(w) =) fie /" (50)
=0

The case of T = T is of special interest for the quantum
spread-spectrum communication system, where 7. is the chip
time. For this case, we obtain the temporal decomposition of
the creation operators for rectangular wavepackets.

As shown in Fig. 8, in a spread-spectrum communica-
tion system, Ht(w) has effectively a low-pass baseband fre-
quency response. The transmission response of the filter
should have a bandwidth equal to the signal bandwidth, i.e.,
ZT—;’. The response of the filter is periodic with period 2T—’:,
which is larger than the bandwidth of the spread-spectrum
quantum signal.

Proposition 8: The chip-time interval creation operators
of the input mode to a quantum filter with a rectangu-
lar wavepacket can be expressed in terms of the chip-time
interval creation operators as follows:

oo
7 AT AT_E : AT prt
HaEkH - (dla$k+1 + flekH)' G

1=0

Proof: See Appendix G. |

We further track the filter’s effect on a creation operator
with wavepacket & () utilizing the temporal decomposition
of creation operators.

Theorem 4: The creation operator of the input mode to
a quantum filter with a rectangular wavepacket can be ex-
pressed in terms of the chip-time interval creation operators
as follows:

(52)

where the transmitted and reflected probability amplitude
coefficients at time interval g are, respectively

q
D, = Z d (53)

I=max(0,g—Ne+1) Y Ne
4100940



@IEEE Transactions on,
uantumEngineering

Dastgheib et al..: QUANTUM DIRECT-SEQUENCE SPREAD-SPECTRUM CDMA COMMUNICATION SYSTEMS

Filter (di, f1) Transmitted Reflected

Input Signal

l’---l-t;"‘ dy delay=0 oS TN T
' CL ! D Fob n
' €o a delay T, —)(:)—)‘” Oafo o .
i o o A1t it
' \/}\Tc“gl = dy delay=2T, ‘@—)" Dlagl i ‘bgl R
: i gt on
! 2

1

1

:

S
\@_)E: D2a52 '
: :
. : 1
. 1

1

1

1

FIGURE 9. Filter interleaves the chip-time interval creation operators.
Only transmission coefficients d; are illustrated. Note that the
time-interval creation operators do not backtrack due to the causality of
the filter.

! 1
F, = . (54)
! l=max(§—Nc+l) \/ﬁc
Proof: See Appendix G. |
Note that the unitary condition implies that
o0
> (\Dq}z + }Fq|2) =L (55)
q=0

Fig. 9 illustrates the results of Theorem 4.

2) FINITE IMPULSE RESPONSE (FIR) FILTER
The filtering coefficients reduce to the following expression
for FIR filters with a maximum delay of LT, where L is the
number of FIR filter coefficients:

min(q,L) |

D, = Z J_ (56)

I=max(0,q—N.+1)

min(q.L)

1
Fy = ) o
I=max(0,g—N.+1)

Fig. 10(a) depicts typical asymptotic behavior of values D,
and F for near ideal filters.

(57)

D. SPREAD-SPECTRUM SIGNAL AFTER FILTER

To further investigate the effect of filter on the encoded
(spreaded) and decoded (despreaded) spread-spectrum quan-
tum signals, we first define the corresponding filter coeffi-
cients as follows:

q
D, = > J_d,/\q thg-1 (58)

I=max(0,g—N.+1)

q
E, = > \/_ —— fikg—ihg—i- (59)

I=max(0,g—N.+1)

From a signal processing point of view, we can also describe
the aforementioned coefficients as the result of a discrete-
time convolution [35, Sect. 2.9.6], i.e.,

Dy = dy x TIM (60)
Fyi= fyx 0 61)
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FIGURE 10. (a) and (b) Asymptotic behavior of the discrete coefficients
of the filter's output, where the filter's bandwidth is sufficiently greater
than the quantum signal’s bandwidth and a high processing gain is used,
i.e.,, Tc < T. To investigate the asymptotic behavior, we choose

N = 100000 and the bandwidth of filter is 20 x %. Both filters, Hr (o)

and Hg(w), are approximated with type I FIR filters with odd number of
taps L = 10001 and designed using the windowing method [35].

where

V/Ne

|-

X L Aghg 0<g=<N.—1

mt = ahe =4 =1 (62)
0, 0.W.

The following proposition describes the evolution of creation
operators through the filter using the proposed chip-time in-
terval decomposition methodology.

Proposition 9: The creation operator of a quantum signal
encoded with A and decoded with A can be expressed in
terms of the chip-time interval creation operators as follows:

o
= Z (Dgag + Fqiygq). (63)
q=0

Proof: See Appendix G. |

Fig. 10(b) depicts typical asymptotic behavior of values
Dq and Fq when the random codes A and A does not match,
ie., A # A.

If the decoding sequence is different from the encoding
sequence, the output of the decoder is wideband and thus is
rejected by the filter. In other words, the values of Fq and D,
are large over the duration of the transmitted quantum signal,
while the values of F;; and [)q are small.

As discussed in Appendix G-A, the shape of the transmit-
ted wavepacket £ (7) is asymptotically preserved after correct
decoding of the quantum signals. Therefore, the transmit-
ted wavepacket is almost equal to the signal wavepacket,

c., (%'(l‘)|§']‘(t - Tdelay)) ~ 1, where Tyclay = Gdelay X Tt 18
the delay imposed by the causal filter and ggelay is the number
of chip times corresponding to Tielay-

The evolution of specific quantum signals can also be
expressed in terms of chip-time intervals as follows.
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Proposition 10: The coherent quantum signal encoded
with sequence A and decoded with sequence A results in the
following pure quantum signal after the filter:

lee,) = [ ] IDgese,) (64)
q=0

where T in |o;) means that the output state is in the trans-
mitted mode of the filter, and |ozgq) corresponds to the related
chip-time interval coherent state.

Proof: See Appendix H. |

At the receiver, a photodetector can be used to perform
a measurement on the signal after filtering. Each term in the
tensor product results in a Poisson distribution for the number
of photons in that specific chip-time, i.e., ng¢ » Therefore, the
output statistics can be obtained by noticing that the sum of
independent Poisson random variables is also a Poisson ran-
dom variable. We obtain the total photon number distribution

P(n) = Z

(0.6 716+l )| (65)

no+ny+--=n
n
—et (66)
n!
where © = |o|? Z;io |Dq|2 is the mean photon number of

the received coherent (Glauber) quantum signal.

Proposition 11: A single-photon quantum signal encoded
with sequence A and decoded with sequence A results in a
mixed quantum signal after filter with a density operator as
follows:

o0 o0
2
p" = Y 1B L1001+ | D17 | e eyl (67)
q=0 q=0
where
1 o0
llgr) o= =) Dyllr,). (68)
Zq:O |D‘I| 9=0
Proof: See Appendix H. |

The term Z;i() |I:“q|2 shows the probability of reflection

from the filter. On the other hand, the term Z;io |D,|* im-
plies that the properly decoded quantum signal is recovered
at the receiver. From the discussion of Appendix G-A, we
observe that when the codes match, i.e., A = A, we have
T ~ [1g,) (1, | asymptotically. Also, for random codes A #
A, the asymptotic behavior of pT is pT ~ |0)(0].

IV. QUANTUM DIRECT-SEQUENCE SPREAD-SPECTRUM
CDMA

The quantum spread-spectrum CDMA communication sys-
tem utilizes the quantum spread-spectrum transmitter and
receiver described in the previous sections to transmit the
classical or quantum information over a quantum broadcast-
ing interference channel. Similar to QCDMA systems with
spectral encoding [16], the quantum broadcasting channel

VOLUME 6, 2025

can be modeled as a passive star coupler. In this model, the
encoded spread-spectrum quantum signals are broadcasted
by an M x M star coupler. The broadcasting channel per-
forms a unitary transformation on the transmitted signals
according to a unitary matrix B.

A. SCHRODINGER'S PICTURE OF QUANTUM
SPREAD-SPECTRUM CDMA

Fig. 11 depicts the Schrodinger’s picture of the quan-
tum spread-spectrum CDMA communication system. From
this viewpoint, quantum signals evolve as they propagate
through the quantum communication system. The trans-
mitted pure quantum signals from M different users, i.e.,

[Yo), |¥1), ..., |¥m—1) form a general tensor product state
M—1

) = [T v (69)
s=0

Each transmitter s utilizes an electro-optical modulator
to construct the spread-spectrum signal, [1¢). The encoder
acts as a unitary operator Uy to modulate the wavepacket
of the transmitted quantum signal with pseudorandom code
sequence Ay = (Ag 0, A1, - - -, As.N.—1). The resulting quan-
tum state of the system before the broadcasting channel is
thus

M—1
(W) =01w) = [T v (70)
s=0

where U = ]—[Q/[: 61 U, considers the effect of all encoders of
all users.

The tensor product state |W¢) passes through the broad-
casting channel evolving into pure state |®°). The received
signal at each receiver can be obtained by taking the partial
trace of |®¢) with respect to all other receivers. As we show,
the received quantum signal includes interference from other
users and can potentially be an entangled quantum state. The
entanglement results in a mixed quantum signal after taking
the partial trace with respect to other users. The receivers
then apply the decoding operation utilizing an electro-optical
modulator to recover their intended signals. An optical nar-
rowband filter is then used to discard the interference. At
this point, we show that for a typical optical filter, the sys-
tem’s overall state can be a mixed state. The quantum signal
representing the output of all receivers is denoted by the
density pT (T stands for transmission of the filter) and is
obtained by taking the partial trace of the filter expression
with respect to the reflected portion of the incoming quantum
signal.

In the following section, we describe the evolution of
quantum signals through the quantum spread-spectrum mul-
tiple access communication system utilizing our proposed
chip-time interval decomposition approach.
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FIGURE 11. Multiple-access quantum spread-spectrum CDMA communication system in Schrodinger’s picture. In this picture, the quantum
communication signals evolve through the quantum communication system. A transmitted pure quantum signal may mix with other transmitters and is
expressed generally by a density matrix on the receivers’ end. In this figure, we assume that receiver r is using the decoding (despreading) sequence

corresponding to user s =r.

B. QUANTUM BROADCASTING CHANNEL
The broadcasting star-coupler channel is described by a sin-
gle global unitary operator, B. The action of B on the input-

mode creation operator, di £ can be expressed in matrix form
via [16]

M—1
Bysa (71)

o>
[
© «1~
Uj)
~

r=0

where B is a single unitary acting on the entire set of modes,
while the coefficients B, form the numerical representation
of that operator when mapping each input mode s to each
output mode r. Fig. 12 illustrates this broadcasting process.
Throughout this article, we assume that all transmitters are
synchronized and employ the same wavepacket & (¢).

In the context of the proposed temporal decomposition
approach, we may write

Ne—1M—1
Ba! B = Z Y Bnal, . (72)
k 0 r=0
Hence
M—1
@) =B|w) = [ ] f(Ba] B")0) (73)
M—1 Ne—1
=[] L Ba’, B )0) (74)
5,8
s=0 Ne k=0 ‘
M—1 1 Ne—1 M—1
=[14(—=D_ D Bua, )I0). (75
s=0 Ne k=0 s=0 ‘

The aforementioned relation is the general form of the de-
composed quantum signals after the broadcasting channel.

4100940

(O WPEY QIR JE S, A

'
.
b
H
H
H
H
o ]
- :
Bjpa VL Bowadge b
s !
HE g
Vo d
Vo 1
T !
'L.> B p
i 2 i 1,M—101 ¢ :
T !
Vo d
F ' Vo ]
! » at o '
] r "Byo10f gt L '
' ' Sl - . 1
T ! By v =1t HE T !
N :
:-.):B . (ALT '
1 1BM-1,M-1 Mfl,ﬁ:
F '
| )
Voos=M-1
'

FIGURE 12. Effect of quantum broadcasting channel on the creation
operators. The creation operator corresponding to each transmitter s is
broadcasted toward all receivers resulting in possible entanglement
between them. For simplicity, only the connections regarding transmitter
s=0and s =M — 1 are illustrated. The effect of other transmitters given
by (73) is in terms of a tensor product, which is demonstrated using
indicess =0,s =1, ..., s = M — 1. Inspired by the representation of
tensor networks from classical and quantum machine learning [36], the
tensor product is shown as a stack of blocks.

In the rest of this section, we derive the exact relations for
coherent and number states.

1) COHERENT STATE

Proposition 12: The effect of the quantum broadcasting
channel (star coupler) on the coherent state inputs turns to the
tensor product of each chip of receivers’ decomposed states

M—1N.—1

M—1 -
1) =B|W) =B [[lee) =[] [] Z
s=0

r=0 k=0 |s= 0
(76)

Proof: See Appendix I. |
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From the aforementioned proposition, we obtain the re-
ceived quantum state at a particular receiver, r, by taking the
partial trace of the density operator |®)(d| with respect to
the other receivers, which gives

Ne—

|¢r—1"[

Let us consider the effect of encoding and decoding. The
encoding operator at transmitter s, Uy, converts the original
wavepacket, £(¢), into the encoded (spreaded) wavepacket,
&% (t). Receiver r applies its decoding operator IAJI, which
turns the wavepacket £°(f) to the decoded (despreaded)
wavepacket & esdr(t). Since we assume that receiver r = s is
decoding the data from transmitter s, we have £%%=s(r) =
£(1).

Proposition 13: The output of the spread-spectrum
QCDMA communication system utilizing coherent states at
receiver r after decoding the data of transmitter s = r is

as SA> (77)

N.—1
r B
|¢;€1) = l_[ \/%as rék \/—L Z)\r,k)hs,kBrsas,Sk>

k=0 SEr
(78)
= Brras:r,é + ZBrSas,E"S"’> . (79)
SFET
Proof: See Appendix I. u

Similar to point-to-point communication, (58) and (59),
we define the following coefficients that track the effect of
encoding and decoding operators and quantum filter

q
D;” = Z

,—dl)\sq l)\rq 1 (80)
I=max(0,g—N.+1)

F;’r = fl S,q— lqu - (81)

[=max(0,g—Nq+1) ¥

For multiple-access communication systems, this article uses
superscript {s, r} for D and F coefficients to specify the
corresponding sender and receiver and their encoding and
decoding code sequences.

Proposition 14: The coherent quantum signal decoded at
the receiver r from transmitter s = r results in the following
pure quantum signal after the filter:

00
|ar,ET) = l_[ Berqas:r,Eq + ZBrsD;’ras,gq) (82)
q=0 sr

2) NUMBER STATE

Unlike the spread-spectrum system with coherent quantum
signals, the system with continuous mode Fock states does
not result in a separable state at each receiver. For this case,
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we write the overall state of encoded transmitted signals as

M—1 M—1
=[] 1w =]] e (83)
s=0 s=0
M—1
= ( Sge)"sI0> (84)
s=0
M—1 1 1 Ne—1 . s
- [ 7 ( s g as,%f) |0) (85)
_M—l 1 1 Nc—l)L y ns . “
= SZOW(J_NT g s,kas,gk) 0).  (86)

Proposition 15: The output of a quantum spread-spectrum
CDMA communication system with Fock state transmitted
quantum signals after the broadcasting channel is

|d¢) = B|w)

M—1 1 ( Ne—1M—1 ns
= l_[ — Z ZBrskskarg) 0).
o V1! k=0 r=0 ‘
(87)

After applying the decoding operators by each user, the
overall received quantum signal is

|o9) = UF|9°)
M—1 Ne—1
= H ( Z ( G=s.t;
5=0
+ Y Brhsihnadie || 10)

r#s

M—1 1 ( ng
=[] —=|Bwd_, + > Bna ,,) 10). (88)
A/ =5 resir
s=0 ns! r#s

Proof: See Appendix 1. |
To consider the effect of the filter, we note that

o
Haéw, o= Z(D‘fi’dr s +Ey ’bT ») (89)

Thus, the quantum signal has the following form as the result
of the filter:

|®) = H|®%)
M- 0o M—1 s
- — Z Bm(DfI”dﬂg_ + ’b )] 10
s=0 $ q=0 r=0
M—1 1 00
s=0 S q=0
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ng

—{—ZB,,(D”“S +F”bT ») |0). (90)
r#s

The transmitted part of the aforementioned quantum signal
can be obtained using a partial trace with respect to the
reflected modes

p"="Tig (|07 (@"]). 1)

C. CHIP-TIME DECOMPOSITION METHODOLOGY IN A
NUTSHELL
As a corollary of the propositions regarding the use of the
proposed chip-time interval decomposition method, we can
give a complete picture of the quantum spread-spectrum
CDMA communication systems according to the evolution
of the creation operators. The following corollary summa-
rizes the proposed chip-time decomposition methodology for
description of the quantum communication system.
Corollary 1 (Chip-time Decomposition Methodology):
The chip-time interval decomposition results in the following
evolution for creation operators:

| el
at ~t
= — a 92
Y& = UN g s ©2)
Ua], 0F = st g =4 g ©3)
Ne (5
M—1Ne— M-1
Bas ges Brs)\v kar &g = Z Brs&::ge,r
Ve r=0 k=0 r=0
94
Ne—1
U'al,.,0 Z Dkl g = AL - (95)

For rectangular £(), we further have

o0
fal,,, A" = Z(DS“"S +F;”13Q'Sq). (96)
q=0

According to Corollary 1, the chip-time interval creation
operators, dé‘k are invariant building blocks of the quan-
tum spread-spectrum CDMA communication systems. The
evolution of the field creation operators mixes these basic
elements.

According to the proposed chip-time interval decompo-
sition methodology, the transmitted signal described as a
mixture of chip-time interval creation operators is modulated
using the spread-spectrum encoder. The coefficients of the
spreading sequence act as a multiplier for the corresponding
chip-time interval creation operators. The signals then pass
through a quantum broadcasting channel, which transforms
each individual chip-time interval creation operator. The star
coupler mixes the chip-time interval creation operators from
different users resulting in interuser interference.

4100940

At the receiver, the creation operators admit another mul-
tiplicative factor due to the decoder. Then, the optical nar-
rowband filter breaks this decoded signal into two parts. The
reflected part is due to the rejected interuser interference. In
contrast, the transmitted part is due to the intended signal that
is correctly decoded along with inevitable interuser interfer-
ence that passes through the narrowband filter. The duration
of the output quantum signal at the receiver depends on the
impulse response of the optical filter.

Corollary 2 summarizes the overall behavior of the
considered quantum communication system.

Corollary 2 (Overall Evolution): The overall evolution of
the creation operators in a quantum spread-spectrum CDMA
communication system, where receiver r is decoding the
signal from transmitter s = r, is given by

A0 804!, OB O
[ [
_ o1t o
= By ZDQar:s,Eq + ZB” ZDS r ay,
q=0 r#s q=0

Multiaccess interference

o0
+ By FB . O7)

r#s q=0

Desired quantum signal

Filter’s frequency mismatch Filtered interference
From Corollary 2, we observe that the term
00 ui

Zq:O Dga._ 5.k, corresponds to the recovered quantum

signal that is transmitted through the filter, Z oF b’r'_S &
denotes the reflected portion of the desired quantum signal
due to loss induced by the frequency mismatch between
the bandwidth of filter and wavepacket of the desired
quantum signal, Zr# B ZZiO(DS ra’t S ) denotes the
interference caused by transmitter s at other receivers r # s,
and )", 25 Brs ZZ‘;O(F;”I;/:&) corresponds to the part of the
signal of transmitter s, reached receiver r # s and filtered
out.

From the discussion of Appendix G-A on the asymptotic
behavior of the quantum spread-spectrum communication
systems, the values of the output transmission coefficients of
the filter DZ” are negligible for interfering quantum signals.
On the other hand, for the correctly decoded signal of the
transmitter s at receiver r = s, the values of Fq“ = =F, are
negligible (see Fig. 10). Thus, we may argue that the results
of Corollary 2 can be further simplified asymptotically as

HUTBUG!  UTBTOR' (98)
Gdelay +Ne Gdelay +Ne
5 bl Ve S g,
4=4delay r#s 4=4delay
/7
N Bydl Tdelay)+ZBer et (99)
TS
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which shows that the creation operator of the transmitted
signal from user s is approximately completely recovered at
receiver r = s after the filter and rejected (reflected toward
the other port of the filter) at receivers r # s.

D. SIGNAL INTENSITY

In this section, we calculate the intensity of the received
quantum signals. The instantaneous intensity of the quantum
signal at receiver r( at time ¢ is obtained as

Iy (1) = (®%1a,} ()a, (0] D). (100)

Also, the total intensity of the chip time k can be defined as
follows:

Ty
Lok = / I, ()dt. (101)
Tk
The following lemma would be useful in our calculations.
Lemma 1: The filter coefficients have the following

property:

00 1 Ne.—1
ey, sy
Z(D;r Df] r—}-FqSV FqS "y = v Z As Ay &
g=0 € k=0
= (As|Ay) (102)

where (Ag|Ay) corresponds to the normalized correlation
between code sequences Ay and Ay .
Proof: See Appendix J. |
Proposition 16: The intensity of the received quantum
signal of a spread-spectrum CDMA communication system
incorporating either number states or coherent states at the
transmitters at receiver ry is given as follows.

1) For number state transmitted quantum signals

N M-l
I() = == 3 nsl B Dy, 1 € Mg tg41)
P s=0
(103)
and the total intensity of the time interval g is
M—1
Lyg =Y nslBrsDy ", (104)
5s=0

2) For coherent state transmitted quantum signals
M—1 2

Z Bro.vDil’roax
s=0

Ne
Iro(t) = , L€ [tq» tq+l)
TP

(105)
and the total intensity of the chip time g is
M—1 2
Iy = | BrysDj"c (106)
s=0
Proof: See Appendix J. |
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FIGURE 13. Frequency response of the filter compared to |£(w)[? and
|&¢(©)|2. The frequency-domain wavepackets are divided by |Z(0)|? for
better illustration. Note that the original signal’s temporal wavepacket is
&(t) and spread-spectrum signal has the temporal wavepacket of £¢(t).

For a balanced star coupler |B|* = % and ry = 0, for
number state transmission

c

1N,
Io@0) = —== [ nolDy* + Y “nIDJ°P |, 1 € ltg, 1411).
MT, pord

(107)

As can be seen, the intensity is the sum of the weakened
decoded signal Ai/%no|Dq,|2 and the multiaccess interfering
V4

1 I Ne s
signal, 57 7¢ 2520 151D 02,
For coherent states, the corresponding intensity is
2

1 N, 0
Io(t) = MT, Do+ Y Dil| . 1€ty tgq1)
s7#0
(108)

where the signal, Do, and interference, Z#O D;'Oas, are
being added coherently.

The difference between these two detection schemes,
namely the coherent detection scheme for Glauber states
and the incoherent detection scheme for number states,
arises from the Heisenberg uncertainty principle. Similar to
the spectral QCDMA, in the context of quantum spread-
spectrum CDMA communication systems, the uncertainty
principle leads to the unpredictability of the quantum phase
angles of number states at the time of measurement, which
fundamentally changes the expression of the received in-
tensity as discussed in [16]. For further details, including a
detailed analysis of a two-user single-photon QDSS-CDMA
communication system demonstrating the spread-spectrum
Hong—Ou—Mandel effect, entanglement, and how the output
can become a mixed state (see Appendix K).

V. SIMULATION RESULTS

In this section, a two-user spread-spectrum QCDMA sys-
tem with N, = 100 is simulated. As an example, we study
a two-user multiple-access communication system utilizing
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FIGURE 14. Comparison of signal reconstructions for a two-user system.
(a) Signals for a two-user system when only the first transmitter is on.
The signal is reconstructed when the correct code is used at receiver

r = 0, while a small amount of interuser interference from the first user
is observed at r = 1. (b) Signals for a two-user system when both
transmitters are oN. The signals are reconstructed at the intended users.

ON—OFF keying (OOK) modulation for the transmission of
one bit. Assume that the receiver with index 0 is decoding
the signal from transmitter 0. We consider a balanced star
coupler, i.e.,

B B 1 1 1
oo Bor)_ 1 . (109)
Bio By V2 \-1 1

The simulations are done using Python 3 and the filters
are designed using the windowing method [35] available in
scipy’s signal processing package.* The transmitters are ei-
ther transmitting single photons, |1), or coherent states |o)
with @ = 1 and the signal duration is 7},. As can be seen in
Fig. 13, the encoding operator spreads the spectrum of the
original signal into £¢(w). The transmission response of the
narrowband filter is shown in Fig. 13. The considered casual
narrowband filter is an FIR filter with L = 101.

Fig. 14(a) shows the signals when only the first user, s = 0,
is transmitting and the second user, s = 1, is in vacuum state.

4Accessed: 3 January 2025. [Online]. Available: https:/docs.scipy.
org/doc/scipy/reference/signal.html
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According to the received signal intensity, the signal is recon-
structed when the correct code is used at receiver r = 0. On
the other hand, at receiver r = 1, the interuser interference
from the first user is observed, which is negligible due to
the use of the spread-spectrum technique. This negligible
interference can also be observed from the photon statistics,
where almost all of the probability is concentrated around
n; = 0. We also observe that while the average intensity of
the signals for both coherent state and single-photon sources
are the same, their photon statistics are different.

Fig. 14(b) depicts the system’s behavior when both users
are transmitting simultaneously. In this scenario, when
single-photon sources are used, the average intensity of the
received signal is similar for both users. In contrast, when
coherent quantum signals are used, the average intensity of
user = 0 is higher compared to receiver r = 1 due to the
positive sign of the interference term in (105). The photon
statistics are also shifted to higher photon counts compared
to when only one user was transmitting data.

VI. CONCLUSION

This article presents a comprehensive unified mathemati-
cal approach to QDSS-CDMA communication systems. By
introducing the chip-time interval decomposition of cre-
ation operators, we establish a quantum analogue to classi-
cal CDMA “chips,” revealing that these chip-time operators
form the building blocks of QDSS-CDMA. In particular,
we analyze two limiting cases for transmitter signals—Fock
(number) states and Glauber (coherent) states—and show
that entanglement in multiuser Fock states leads to mixed
outputs at each receiver, whereas multiuser coherent-state
inputs produce pure outputs. Using the chip-time interval
decomposition, we interpret narrowband filtering in quan-
tum systems through a novel perspective: creation operators
evolve as weighted sums of chip-time operators across the
system. This framework not only simplifies understanding
of multiuser interference but also highlights how quantum
signals can be processed and filtered effectively. The mathe-
matical models and techniques presented in this article, with
respect to filtering quantum signals and the application of
quantum spread-spectrum technology, provides a solid foun-
dation for future research and development in the fields of
quantum communications and signal processing.

APPENDIX A

COMMUTATION OF CHIP-TIME INTERVAL CREATION
OPERATORS

It is evident that the function &, (¢) has the required normal-
ization property of a photon wavepacket

Tp fk+1
fo Isk(t)|2dt=/ IVNE @) dt
T
Ti+1
=/ NJE@)2dr = 1. (A.1)
Ik
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Hence, we may define the creation operator of each chip time
by letting dék be the creation operator for chip-time [#, fx+1).
Based on the wavepacket of (16), we may write

o /3| - g1 A

g, = / di&(t)a' (r) = / dt/NE@)a' (1). (A.2)
I 17

We first show that according to the definition of the chip-

time interval creation operators, [dg,, d;k] = . For [ =k,

the relation [dg,, &gk] = 1 is trivial. For [ # k, we may write

aA‘flaAgk
41 Tyt

= / dtgf ()a(r) / dar'g (' ya' (') (A.3)
7] 174
41 Ll

= / / dtdt’%‘l*(t)gk(t’)d(t)f(t’) (A4)
1 Tk

141 41
- / / drdt' & (&) (5@ —1) +aT(t’)a(t))
1 1)
o (A5)

1 Ll

= / / dtdt’é}l*(t)sk(t’)dT(t’)d(t), since t # 1’
1) 1)
o (A.6)
Ti41 , , , 41 ¥

= / dt'g.(tHat ) / digf (na(r) = af az, (A7)
179 1

= [ag.d} | =o. (A8)

Note that since &;(t) and &(¢) are disjoint, we may write

141 Ti41

/ / drdt' €] (1) (1')5(1 — 1) (A.9)

1 175
41 Tk+1

=/ dt&l*(t)/ dt'& ()8t —t') (A.10)
7] 1
11+1

= / drg ()& (1) = 0. (A.11)
1

Next, we prove the chip-time interval decomposition
theorem

. Ty Ne—1 Tit1
al = / dig(a'(t) ="y / dtgt)a' (1)
0 k=0 *

1 Nzl oy ;
= di/N£)a' (1)
NI g /,A ‘
N.—1
1 C /tk+1
= dig(t)a' (1)
VNC g 174
1 Ne—1
= ar . (A.12)
/NC pord &k
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APPENDIX B
COHERENT STATE DECOMPOSITION
We start by the displacement operator

D(ag) = exp(aag — a¥a) (B.1)
o Ve ot el
e .
=exp| — a, — — a (B.2)
(e Ed - L)
Ne—1 o at
A N
= exp a, — a (B.3)
(; [JNC & UN SkD
N(r_l o a*
L N
= exp (—a - —=a ) (B.4)
IQ) N, & N, &k
N.—1 o
=[] b= ) (B.5)
» (G

where we have used the fact that for [ # k [see (A.8)]

a* *

o AT R 0% A
d, — ag, a, —
[JNC §OUNG TN B YN

and

agk} =0 (B.6)

exp(A + B) = exp(A)exp(é)exp (—% [A, é]) . (B.7)

The decomposition of coherent state can be obtained utilizing
the displacement operator

Noe—1
_ _ g
lag) = D(eg)|0) = <k|=o| D <m>) |0)

Ne—1 o Ne—1 o
=[IIp k>0)= |—£ ), (B.8)
2 () o= T
APPENDIX C
NUMBER STATE DECOMPOSITION
For the number states, we may write
|ng) (&g)" |0) (C.1)
n = .
ST
1 ( 1N )"
=—=|—=>_4a | 10 (C.2)
N §
Vil Ne imp ™
1 Ne—1 n
st
=——=|>_al ] 10 (C.3)
§
mv Ne <k=0 k)

v l < . )

[(BNE Z

n!N’ Ho-Hm 1 =n no, Ny, ..., AN, —1
N.—1

< [T @k )0y (C4)
k=0
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( . )
/nINT? Z
niNg not+ny+--+tny._1=n 10, s - o o5 N —1

N.—1 ’\T nk

XHJ,;

(C.5)

( ) )
/N
n ¢ notny+-r +an no, Ny, ..., nNL-—l

(C.6)

Ne—1

X l_[ MInk,sk)
k=0

= X

no+ny+-tny. 1 =n

Co(no, ny,...,nN.—1)

Ne—1

X 1_[ 72k )
k=0
= X

notny+-tny. 1 =n

(C.7)

Co(no, ny,...,nN.—1)

X |10,gys M1gys -+ s AN~ 1.5 _1) (C.8)

where |ny ¢, ) denotes that the state has n; photons with
wavepacket &, (¢) in interval [fy, fx41). And, 1—[2\/;61 [nee) =
Ino.gy, M1 gys - - IN.—1,6y,_,) denotes a quantum state with

ng photons in [#o, t1), ny,—1 photons in [#y, 1, ty, ). This state
occurs with probability |C,(ng, ny, .. ., nNc,_1)|2, where

Cn(”o? nl 9.

LS AN 1) =
¢ VnIN! \ng, ny, ..., AN.—1
Ne—1

< [ v/l

1 ( n )
- VINZ Y \no, g, - N

and
(C.9)

( n ) n!
no, N, ...y AN.—] nolny!---ny.—1!

In the aforementioned derivation, we have used the
multinomial theorem (for commuting operators)

( i )
no, Ny, « -+« IN—1

(C.10)

Nq.—1 n
(EZ&)= 2
k=0 no+ny+---+ny._1=n

Ne—1

< [ G
k=0
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APPENDIX D

DECOMPOSITION OF THE UNITARY SPREADING
OPERATOR

A. COMMUTATION RELATION

The decomposition is obtained from the definition

. Nzl opeyy ,
U =exp ( j Z / dt@(t)cf(t)é(t)) (D.1)
k=0 “
Ne—1 Ti41
- ]_[ exp ( j / dze(t)aT(r)a(r)) (D.2)
k=0 T
Ne—1 Tt 1
= ]—[ exp (j / dt@k&T(t)&(t)> (D.3)
k=0 Tk
Ne—1
=]] O (D.4)
k=0
where
Tk+1
Uy := exp ( j / ' dr@,ﬂ(t)&(t)) (D.5)
Ik

and we have used the fact that for [ # k,

Tk+1 141
[ / ' dro(nH)a" (H)aw), / 1 dt@(t’)dT(t’)d(t/)i| =0.
i

I
(D.6)
Continuing our discussion regarding the spreading operator,
we show that [Uyg, ézgl] = 0, ] # k. Itis sufficient to prove that

[Ond'o] =0, relnnm.  ©)

Again, we begin by the definition

1,
Urd’ (1) = exp < j / o dt’GkaAT(t’)aA(t’)> at) (D.8)
T

00 N t l
— Z (;_') < / o dt’eka*(t’)a(t’)) a't) (D.9)
. t

(D.10)

I
1
~
+
~.
S
=
QU
-~
>
D>
2.
—~
<
N’
Q
~~
-~
p—

lk+1 .
4 f dr'eya’ (tHa@')
Tk

Tk+1
x f dr"oat @ Hai"y + - - - ]&T(t)
Tk

=“m2f”</wdwkamm)
1

l

(D.11)
=a'()0y. (D.12)

The first term is trivial
16" (t) = a" ()l (D.13)
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Note that we always have (6% (1), a*(#")] = 0; therefore,
atwa' () = a'(Ha'@).
t & [ty tre1), wWe have a(t)a’(t) = 8(t" — 1) +a'()a') =
a'(1)a("). Hence, the second term will be

1
/ “ areat @aahat (1)
T

Tk+1
= / dr'o.a’ (Ha' (Ha)

Tk

/3|
/ dr'oa’ (na' @Ha)

(t)/ dr'oa’ (ta). (D.14)

With the same procedure, we can prove that

Tyl ! R
( / dr'oa’ (t’)d(t’)) at@)
T

lkt1 ) !
=a'@) ( / ' dﬂem%ﬂma@) ) (D.15)

T

Thus, we have shown that
[ﬁk,agl] —0, [+k

Hence, utilizing Taylor expansion of the function f(-), we
obtain

(D.16)

1 # k. (D.17)

[0 r@)] =o.
B. EFFECT OF SPREADING UNITARY OPERATOR ON THE
CREATION OPERATOR OF QUANTUM SIGNALS
Applying Uy changes the photon wavepacket &() to £ HOE
el &g (1) = A& (t). Hence

g1 . Tyt
‘3§;= / dt&f(t)a'(t) = / ditre®)a’ (1)

Tk I

Tt 1 .
= Ak/ dtg(H)a'(t) = )‘k&%k' (D.18)
3
Thus, we conclude that
Ual 07 = 0xaf U] = meal . (D.19)
Therefore, we may write
| Nt Ne—1
Ual0f = > Gal U (D.20)
& / SA
Ne k=0
APPENDIX E
SPREAD-SPECTRUM COHERENT STATE
A. ENCODING

The effect of encoding operator on the coherent state

No—1
lage) = Ulorg) = (]_[ Uk> (]_[ j%c» (E.1)

k=0
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Also since 1’ € [ty, try1) and

— (001 Oy 1) (

aé] e —a'EN“_I
el e
= (0001 -+ Ona) (£l @l rial, D) 1oy

(E.3)
= Uof(@})0if@}) - On-1f@f, )I0) (E4)
Nq.—1 Nq.—1
2 AT 2 8k
= [ Ocr@ior = ] O _> (E.5)
k=0 ‘ k=0 Ne
where we have used [Uy, f(&; )] =0,l#k.
Example for N, = 2:
U001 lee) = UoU, (@] ) £(@f )10)
= Uof(a} )01 £(a})10) (E.6)
AN | Y et
Uy —> = —> (E.7)
VN VN,
2 a
_ 1| _«a o »rL)
= ¢ 717N ¢V |0) (E.8)
_1l] «a )
=e VAl eV 0) (E.9)
_ A& TN % ) ’\"“5"> (E.10)
N,
B. DECODING

The effect of decoding operator with decoding sequence A
on the coherent states encoded with sequence A is derived as
follows:

Ne—1 Nesl
laga) = U |age) = (]_[ fJ,f) (]_[ [l ) (E.11)
k=0
No—1 No—1
(I (T o)
k=0

Ne—1

Ne—1
=[] Oirwalpio = [T 0
k=0 k=0

(E.12)

AL,
—m> . (E.13)

Applying ﬁz changes the photon wavepacket §7(z) to

E,f(t) = e*fékélf(t) = kalf(t) = MAkér(t), where Ay is the
value of despreading code at chip time k. Hence

T B /'tk+1
ék i

B Tkt 1 5 .
= Jhk f dig (Hat (1) = )»k)»k&gk-

Tk

Ty 1

digl (ha' () = f dinEL)a' (r)

T

(E.14)

The rest of the proof is similar to the previous part.
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APPENDIX F

SPREAD-SPECTRUM NUMBER STATE

A. ENCODING

The effect of encoding (spreading) operator on the number
states is derived as follows:

[ n
\/WHOJF Jan]; \=n no,ny, ..., NN.—1
Ne—1
x H( )"10) (E1)
; n N
18]
\/ITNCn no+-- ‘F’ZlN |=n (I’l(), CERRES nNc—l>
Ne—1
x [T @0y (F2)
k=0
n
\/IT]V;' o % \=n (Vl(}, ny,..., l’lNc_1>
N.—1
x (1—[ Uk) (]_[( )"k> (F3)
k=0
n
\/’W no+-- ‘§N _1=n (n07 ny,..., ”NC—1>
Ne—1
x ]_[ Uil )10) (F4)
\/’TNEL "0+"'+2nlg€_1=n no,ny, ..., NN.—1
Ne—1
x [T vu!Oslng) (E.5)
k=0
\/’W ”0+'”‘;Ncl_” no,ny, ..., NN.—1
Ne—1
x [T Viullngg) (E.6)
k=0
N.—1
= Z Cn(no, ni, ..., nN.—1) l_[ Inge)
no+-+ny.—1=n k=0
(E7)
where
Age)m
Ingg) = Uklng,) = —7=-10) (F.8)
1 lk+1 - Ny
= , (/ df)\kék(t)a'(t)> |0) (F.9)
s 174
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Lo (/tk“dsa)”‘( >>nk|0> (F.10)
1t t 3
g ) w(1)a
AT g
— O™ Jn_u' ) = ) Ing,). (E11)

This means that the chip-time number states are eigenstates
of the operator Uy with eigenvalue (\g)"*.

Hence
Ulng) =lnge) = Y Calno,mi, ..., ny—1)
no+-+ny.—1=n
Ne—1
< [T Ing,). (F.12)
k=0

1) EXAMPLE, n =1

For this case, the constraint ng + --- +ny,—1 =n =1 im-
plies that only one chip time should contain the single pho-
ton, while other chip times are in vacuum state. Therefore,
for some ko, we have ny, = 1 andn; = 0, [ # ko. The overall
encoded state is thus the superposition that can be expressed
as a summation over ko = 0,1, ..., N, — 1

|1%—e) = Z Cn(n()vnlv"'»nNC—l)
no+-+ny,—1=1
N.—1
< [T 0w ™Ing,) (E.13)
k=0
S
o N, O‘ -0r1rot---0!
ko Ne—ko—1
N.—1
x (o) 11g) [T 0°10g) (F.14)
kstkg
Ne—1
= kol i) (F.15)

2) EXAMPLE, n =2

For this case, the constraint ng+---+ny._1 =n=2
means that either for some k), the corresponding chip time
contains two photons, or for some ko and k; > ko, the two
chip times k( and k; contain a single photon simultaneously.
Therefore

2e)= Y Calno.mi.....ny.—1)
no+--+ny,_1=2
No—1
< [T ™Ing,) (E.16)
k=0
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= 2!
- Z N? 0' .0!1210!...0!
_0 ‘(—/
kO Ne—ko—1
Ne—1
x (g 125) [T 00°10g)
kstko
Ne—1N.—1 |
* Z Z N2 1!]!0%0) ()‘kl) |1§k0)|1%'k1>
k1 =0 ko=0
s.t. k1>k0
< [T 010g) (F.17)
kstko. ky
1 Nz:—l
=~ D 12g,)
c
ko=0
NL—INL—I
+_Z Z\/_Kkokklllsko g, )- (F.18)
€ k=0 kg=0
s.t. k1 >kg

3) EXAMPLE, n =3
For this case, from constraint ng + - - -
have three possible cases.

+ny.—1 =n=3,we

1) For some kg, the corresponding chip time contains
three photons |3§ko).

2) For some kg and k1, there is a single photon at chip time
ko and two photons at chip time kq, |15k0 ) |2$k1 ).

3) Forsome k> > ki > ko, there is a single photon at chip
times ko, k1, and k>, |1€k0)|1§k1 Mg,

We may obtain the corresponding coefficient of each case
using Proposition 5 as follows:

Bee= Y

no+--+ny,—1=3

Cu(nog, ny, ..., nN.—1)

Ne—1
< [T ) ™Ing) (F.19)
k=0
- 1...01310!-
= JN3 | 0L -013101- 0!
ko Ne—ko—1
Ne—1
x (g’ 13g,) [T 00°10g,)
k£ko
Ne—1Nq—1
+ Z Z 1,2,< ko) Gt 1 )25, )
=0 ky=
< ] ()\k)0|05k) (F.20)
kkoy.ky
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+ Z Z Z T (i) Oty Gty

ky=0 ky =0 kg=0
s.t. kp >k >kg

!

e Mg M) [] 0 10g) (F21)
kko, ki, ky
| Nq.—1
= —= D Ml3s,)
N wrt
N.—1Nq.—1
Z Z V3l )12,

=0 ko=

Ne—1Ne—1Ne—1

N3 Z Z Z\/_)‘ko)‘kl)‘kzuél\o)uék,)|1§k2)~

=0 k=0 kop=0
st ky >k >ko

(F22)

B. DECODING
Let IA,T}\ be the despreading operator associated with decoding

sequence A. Denote the chip-time decomposition of IAJ}\ by
Ne—1 1yt
k=0 Uk, A
sequence A on the number states encoded with sequence A
is derived as follows:

. The effect of decoding operator with decoding

Opped =05 3t
not N1 =n
Ne—1
< T Goring) 23
k=0
= Z Cn(no,m,--w”Nc—l)ﬁj‘\
oy, _1=n
Nq—1
T g 24
k=0
— Z Cn(ng,ny,...,nN.—1)

no+--+ny.—1=n

Ne—1 Ne—1
x (H UZ,,x) (l—[ (/\k)”"lngk>> (F.25)
k=0 k=0

= Z Cu(ng, ny, ..., nN.—1)
not N —1=n
Ne—1
< I ()™ U 5 Ing,) (F.26)
k=0
= Z Cn(n()vnlv-"snl\l}fl)
notenN.—1=n
No—1
< [T Gy ing,) (F27)
k=0
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= Z Cu(no,ny, ..., nN.—1)
no+--+ny.—1=n
N.—1
< [T Gererine,) (F.28)
k=0

where the last two steps are obtained similar to (F.11).

APPENDIX G

GENERAL FILTER

Now, assume a general filter [33] with the Fourier series of
their transfer function given by

00
Z dle—jla)r
=0

where Hr(w) and Hg(w) are the transmission response and
reflection response of the filter, respectively.

Applying the filter to an input with frequency-domain
wavepacket £(w) results in the following transmitted
wavepacket:

Hr(w) = Hr(@) =) fie /" (G.1)
=0

> die T E(w).

Hr(w)(w) = (G.2)
=0

Therefore

hr(t) &) = Y diE(t — ). (G.3)
=0
From (38), we have

Ha"(0)A" = Hr(w0)d T (w) + Hr ()b (w). (G.4)

Therefore
Fldgﬁ* = / dwé(w)fa" (w)At (G.5)
= [ vk [ @) + @i @] ©6)

=/wmm@mﬂw+/M%wﬂmWw
(G.7)

=1/dﬂhﬂﬂ*§0D5V0+:/dKMd0*EGDHVD

(G.8)

= fdtZdls(:—lr)a’T(tH/erf,g(t—lr)B’*(z)
=0 1=0

(G.9)

=0
(G.10)

The case of t = T, with rectangular wavepacket is of par-
ticular interest. First, we derive the evolution of chip-time
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= Z (d;/dtg(t—lr)d/T(t)Jrf;/dtg(t —lﬂi/*(t)).

creation operators égk through a filter

e o]

ﬁagkﬁf - Z (dl / dige(t — IT)a" ()

=0

+ fi / drg(r — zTC)ia’*(t)) (G.11)

> (I+k+1T,
= Z (d, / dig(t — IT)d (1)
1=0 (I4+k)T,

(I+k+1)T, .
-I-fz/ dt&(t — l]})b”(t)) (G.12)
l

(I+K)T:
o (I+k+1)T,
==§:(@/1 digo(t — (1 + 0T ()
=\ JunT
(I4+k+ 1T, oo
-|-fl/ dt&g(t — (I +k)72~)b"(t))
(I+k)T,
(G.13)
o0
= Z (d;agk T fib §k+1) G149

=0

At the next step, the effect of the filter on the creation
operator of the quantum signal with wavepacket & (¢) is

- Ty +IT;
HagHT => <d1 f dre(t —IT)a" (1)
=0 IT.
T,,+ZTC .
+fi / dre(r — ln)b"(z)) (G.15)
IT.
e Utkt1
=> (d, / dre(t — IT,)a" (1)
1=0 vk

(G.16)

Ne— ltk+1
+ fi Z / dte(t — IT, )b"(;))
k=l

vk

e Ne—1 f k41 r .
dt/NE@ — ITHA (1)
w2,
Ne—1 fket1
+ dit\/NE(t — IT, Z/H).
ﬁm;L VNE( (@)

(G.17)

Assuming that £(¢) has a rectangular wavepacket, we can
further simplify the results as follows:

R fl+k+1
AalA ( f ”*(t)
k 0 Yli+k
N.—1
1 ¢ /t1+k+1 N, .
dt |=$6T@))  (G.18)
VNC ; 4k Tp
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TABLE Al. Filter Coefficients With g =k +/

l 0 1 2 Ne —1 Nec Ne+1
I N

q | %, %eq %ey ‘1ch71 ach aENL+1
T
0 | do do do -0 do 0 0 &
3
1]0 d di o dy dy 0 {3
o
o]
210 0 d d d d 3
2 2 2 2 N
i
k:0—N.—1 ~
A

0 0 0
q STt
2920 Zl:max(O,q—N0+l) dia,
o) 1 N.—1 N.—1 /
= /N —=di §k+l fl Z §k+l
=0 ¢ k=0

(G.19)

To further simplify the aforementioned relation, letg = k + [
(see Table 1). Note that the coefficient of dgq is

> 1 1 1
Z dy = Z ——d, (G.20)
1=0 VN [=max(0,g—N.+1) VN
s.t. [<g<I+N.—1
min(q,N.—1) 1
= Z ——d, (G.21)
1=0 VN
Hence
00 q 1
AalA’ =Z[( > = d,) N (e%:)
=0 I=max(0,g—N.+1) ¢
Dq
o
( i )i
[=max(0,g—N.+1) Ne !
Fq
o0
- Z(ang] + Fqbgq). (G.23)
q=0

Since the temporal encoding leaves the temporal width of the
wavepacket intact, with a similar approach, we have

00 Tp+IT,
Aa HT Z(dl / dred(t —I1THa (1)
1=0 1T
Ty+IT, R
+ fi / drgd(r — ln)b""(r)) (G.24)
1T,
00 Ne—1
= Z (d, Z _/Hk+1 dig(t — 1T,)a" (1)
1=0 k=0 Yl+k
Ne— Hqk41
+ f; Z / dt&d(t —IT, )b"(t)) (G.25)
k=0 Y li+k
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=2 <d, Z o [ e~ maa o
T1+k

Ne—1

Tkt
+ 1Y / " ldté(t - ZTC)JS’T(z)) (G.26)

k=0 li+k

Ne—1

Z Tk /

Ttk

I 4k41

dit/Ne&(t — lﬂ)B’*(t))
(G.27)

0 | Ne—1 | Ne—1
= d; Xk)nkﬁT + —fi Zkkkl’}T .

=0
(G.28)

Letting ¢ = k + [, we obtain

o0

figt ot = KA

as H = E |:( E \/—dl)"q 1Ag— 1) é;‘
I=max(0,g—N.+1)

D‘i
+< Z f —— fihgthg 1)19;} (G.29)
[=max(0,g—N.+1)
F‘I
o0
_ ~ A/.}_ ~ A/.‘.
= Z(ansq +Fgby ). (G.30)
q=0
For the FIR filter
L+N—1 min(g,L) 1
i
ORI [( > \/—dlkq 1hq— l) ag,
q=0 I=max(0,g—N.+1)

min(q.L)

(X

[=max(0,g—N.+1)

1
\/_fl . 1)1;;} (G.31)
L+N.—1

~ ’\,T -~ ,\/_i_
Z (Dgag, + Fybg)
q=0

(G.32)

where L is the number of FIR filter coefficients.

A. ASYMPTOTIC BEHAVIOR

It would be interesting to investigate the asymptotic behavior
of the filter to give further insight into the operation of the
quantum spread-spectrum communication systems. We use
numerical simulations to qualitatively describe the behavior
of the filter.
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First, we assume that the transmission filter’s band-
width (see Fig. 8) is high enough to pass the correctly de-
coded signal with very low loss. With this choice of fil-
ter, the signal wavepacket £(r) almost entirely transmits
through the filter Ht. Thus, in case A = A, the transmit-
ted wavepacket is almost equal to the signal wavepacket,
ie., (S(I)ETO - Tdelay)) ~ 1, where Tyclay = kdelay X Tc 18
the delay imposed by the causal filter and kgelay is the number
of chip times corresponding to Tyelay. Fig. 10 illustrates the
absolute value of coefficients D, and F; corresponding to the
correct decoding of the quantum spread-spectrum signal. As
can be seen from this figure, with a sufficiently good filter
|Dyl ~ T Gdelay < 4 < qdelay + Nc and |Fy| ~ 0.

The other assumption required to obtain the ideal behavior
corresponds to the rejection of the incorrectly decoded sig-
nals. The asymptotic behavior can be observed by assuming
a high value of processing gain N,, or equivalently 7, < T.
This assumption implies that applying the code spreads the
quantum signal in a way that a very small portion of the
undesired quantum signals passes through the transmission
filter, Hy. Therefore, when the two (approximately) orthog-
onal random codes A and A do not match, (£|é1) ~ 0. The
transmission and reflection coefficients in case of incorrect
decoding, D, and Fy, are shown in Fig. 10 for a very high
processing gain. According to this figure, we asymptoti-
cally have |Fy| ~ %» Gdelay < 4 < qdelay + Nc and |Dy| ~
0, which means that the incorrectly decoded signal is almost
entirely reflected from the filter.

APPENDIX H

EFFECT OF FILTER

A. COHERENT STATES

Denote the output of the filter in both modes by superscript F'.
For encoded and then decoded coherent state, we may write

A o e ad A
lozr) = Hlorza) = He™ 2 ¢ ¢'HT|0) (H.1)
W2 ofiat B
= M) (H.2)
la 2 >
— % exp Z(ana +Fab) 0) (H3)
q=0
- Hexp(D wd yexp(Fyab IOy (H4)
q=0
o0
—Hex —l}D |2 exp(D A/T)
= p 5 pred p(Dgady,
q=0
X ex —1|Fay2 exp(Foab. )[0) (H.5)
p 5 Iq plry g, .
o0
= ]_[ \Dgate, ) |Fyore,). (H.6)

q=0
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Note that

f: ( (H7)

q=0

A7) =1

which is due to the unitary condition. (This relation can also
be derived from Lemma 1 in Section I'V-D).

Taking partial trace with respect to the reflected modes
gives the following expression:

lag,) = [ | 1Dgete,)- (H.8)

Each term in the tensor product results in a Poisson dis-
tribution for number of photons in that specific chip-time,
e, nge z Therefore, the output statistics can be obtained by
noting that the sum of independent Poisson random variables
is also a Poisson random variable

P(n) = Z

no+ny+--=n

|(no.60> 1165 - - - l%)\z (H.9)

o0
= Poisson |oz|2 Z |Eq|2

(H.10)
q=0
B. NUMBER STATES
For the number state, we have
N (H HT)”
In F>=Hlnd>=—|0) (H.11)
3 3 \/m
00 n
Z( o+ Ep)] 10 (H.12)
z q=

nT,0, AT,15 - - > MR,0, MR, 1, --- = 0
o0
S.t. Zq:()(nT,q +nRg)=n

< X )
nr,0, 17,15 - - -» NR,0, IR, 15 - - -

e

where nt , and ngr , denotes the number of photons at chip
time g at the transmission and reflection ports of the filter,
respectively.

For single-photon states, the aforementioned equation
reduces to

)™ ntg.6,) MR g.6,)) (H.13)

o0
er) =HAlla) = > (Dylite,) + Fyllre,)) . (H.14)
q=0

Taking the partial trace with respect to the reflected part gives
the final state of the receiver

p" = Tir(p") = Trr(|1gr) (1gr]) (H.15)
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o0 M—1
s, &y, A
— Okl 10)) + Y Ikl 1IRe,)  (HI6) « D< f ) 87)0) (L3)
i M—1 o M—1 e
— (Ol Ter ) (1 10R) + 3 (Trog, Ter ) (1er e, ) _B D< ) BB D( ) BB
=l q v b v
(H.17) -
A sy, X
where B|:l_[D< — ):|B 10) (1.6)
s=0 NC
(OR|1§F) = (H.18) Ne—1 |:M—1 o
= ]‘[ B D< > ’f)] B7|0) (L7)
k=0 5=0 VNe
= Ne—1  [M-1
=11 1%[ D <“—&)] 10) (1.8)
k=0 5=0 VN
(TR, l1er) = (H.19) et
where =8 —ﬁ> (1.9)
1 > k=0  5=0 VNe
le) 1= ——— > Dyllre,). (H.20) . _
> | ﬁq| 4=0 The aforementioned equation shows that the effect of star
1 coupler on the coherent state inputs is equivalent to the tensor
Hence product of the effect of star coupler on each chip of the
0 00 decomposed states.
o7 = ZDq”T,Eq) ZDZHT@A (H.21) According to [16], we have
q=0 q=0
M-t : M-
o 8,8k
o s (1.10)
+ 2 [El om0 H > H ' >
q=0
Therefore
o~ (= 12 o~ 2
= D 1E" 110001+ | D [Dy|™ | e (1er- Ne—1 M—1 |M—1
4=0 4=0 o) =Bw) =[] [] D Olsgk> 1L.11)
(H.22) k=0 r=o | =0 VNe
M-IN—1 M1 o
APPENDIX | = ]_[ ]_[ Z ias,gk> (1.12)
QUANTUM BROADCASTING CHANNEL r=0 k=0 |s=0 "V Ne

A. COHERENT STATES

For coherent state inputs, we have Now, assume that the input of the star-coupler broadcasting

channel is the encoded spread-spectrum coherent states

M—1
|®) =B|W) =B [ lose) (L1) e
s=0 |0°) = B|W°) = ]_[ ]_[ > (L.13)
M—IN—1) =0 Ne

=B8] J1 Wﬁ> (12) Mo N1 (M
5=0 k=0 ¢ = 1_[ 1_[ Z A kOls Ek> (I.14)
M—1N.—1 =0 k=0 | s=0 VN

A s, &

_B D 10) (1.3) o R
0 k0 V/'Ne For coherent states, the received signal at receiver r is a
T pure state that can be obtained by p¢ = Tr,/,(|®¢)(P¢]) =
N (s ) o 5} (5]

. 5.6\ A .
=B D (W) B'|0) (L.4) Hence
c

()] ]
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Now, we apply the decoding operator on this state

Ne—1

M—1
o) =0 |of) = [ wkz J_ Ykasgk>
k=0

Ne—1

=I1 ’\kﬂf Bx—mkkas>
- r, ="\, 8,6k
k=0 s=0 Ne

Ne—1

=[] |0

(1.16)

(I17)

+ ) hh Brs
ra g Khs k—mls
k:() NC S=VT, k Y?ér I, S, Nc S, k

(L18)

(1.19)

Ne—1 B,
— 1_[ ———r g, + _ Zkrk)w KBrsots, 5k>
=0 |V N C sr
Nq.—1 B
rr
= |2 [ e + o X ks >
=0 VN, Ne s#r

= BrrOls:r,g + ZBrsas,gexdr> .
SFET

Note that (A,.x)> = 1.

B. NUMBER (FOCK) STATES
For encoded signals, we have

M—1
(W) = [T Ing.ee)
s=0
M—1
L@t ,.m0)
= a o
[ 1 5EC
s=0 s
M—1 1

After the quantum broadcasting channel, we have

|d¢) = B|w)
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(1.20)

(1.21)

(1.22)

(1.23)

(1.24)

(1.25)

(1.26)

(127)

(1.28)

(1.29)

M-l ( | Nemlm-l s

= = ZBma;ge> 0) (130)
o Vst \VNe (25T
M—1 1 Ne—1M—1

Assuming that receiver r intends to decode the quantum sig-
nal of transmitter s = r by applying the appropriate decoding
operator, we obtain

|0y = UF|0°) (L32)
M-l M—1 fis
=0t ]_[ (Z Byyd! ) 0) (1.33)
S ’Ee
s=0 "V ns! r=0
M—1 ns
= (Z B,U'al . ) 0) (134
5s=0 1s '
M— s
- 1‘[ (Z By smr) 10). (1.35)
s=0 Ns '
From the chip-time perspective, we have
|o¢) = UF|@) (1.36)
M—1 1 1 Ne—1M—1 s
= GT ( Z Z Brs)\s k4, ) |O)
/N §
g0 Vst \WNe (=0 15
1.37)
M—1 Ne—1M—1 s
! ( ! Byohy  UTa fj) 10)
rs/hs.k ar,é
gm0 Vst \VNe (=0 15 ‘
(1.38)
M—1 Ne—1M—1 ns
! ( ! Byshs xhrkd! ) |0)
rs/hs.k rkang
s=o Vst \VNe (=0 15 ‘
(1.39)
M-1 ( | Nl (B A
N ssUyp—g &
5=0 ns! Ne k=0 ‘
ng
+ Brv)"s,k)‘r,kar & 10)
r#s
M—1 1 ng
_‘ <BssaAr 5,& + ZBrsérgesd,> |O)
s=0 r#s
(1.40)
We apply the effect of filter, using (G.29), to obtain
Hay .., A (L41)

- ( 7
=5 3| (D SR I
=0 I=max(0,g—N.+1) !
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q
;
+< Z «/_ﬁ S,q— l)\rq l)brgq]
I=max(0,g—N.+1)

= (vl

=0

s,y
+FSTD) gq) (1.42)

where Df/’ and Fqs " are defined in (80) and (81), respectively.
Thus, we obtain the quantum signal after the filter as

M—1 oo M—1
|q)F>_ 1_[ <Z Z(BrADYrA
s=0 q=0 r=0
’ Rs

+BmF;’rB,'}'§q>) 10). (143)
APPENDIX J
INTENSITY OF THE RECEIVED QUANTUM SIGNAL
First, we prove Lemma 1 by calculating [agevdr, cov .1 by

two methods and comparing the results. From [16, egs.
(A.32) and (B.55)], we obtain

I:dfgsd” d;“ydrj| — (g@sdr|§es/dr) _ <%-es|%-e_;/) J.1)

1

= D ik J.2)
¢ k=0

= (AslAy) . (1.3)

Using the chip-time interval decomposition and considering
the effect of filter, we may write

|:aA§esd” g e/dri| Z ZD;’*DS ! I:Ai‘s ’aATE :I

q=04'=0

+ZZDvr*Fqs r[ rg’l;/g ]

q=04'=0

+ZZFAr*Ds r[ i rg ]

q9=04'=0

00 00
+ZZF;J*F;//J[ s bT :|

9=04¢'=0

00 oo
_ 5, 7% S T
- ZZDq Dy o4

9=04'=0

o o0
+ Z Z F;J*Flg’r‘sqq’

q:O q’:()

o0
-y (D;”*Dfl/” + F;”*F;/”) U4
q=0
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Thus, from (J.2) and (J.4), we conclude that

00 Ne—1
> (pypy + F;”*F;”’> - Z hwihy i (15)
q=0

which completes the proof of Lemma 1.
The intensity of the decoded quantum signal after the filter
can be obtained according to the following equation:

Ly(1) = (@14, (a), ()] @7). (1.6)

Since @,(1)|0) =0, we have ad.(r)|ye) = [d’r(t),f(&g)]w).
Thus, we find d’,o (t)|<I>F ) for number state inputs using (1.43)
as follows:
— oo M—1
ay, (loF) = a,, @) H | Y- Y BDya,
q=0 r=0
+Br‘yF;*13’,fgq))"s 0) 0.7
oo M—1
), H > Y BLDy G,
|: \/_Y g=0 r=0
+BFh) ) ] 0). (18)
Note that
[a@). f(az)] = f(ag) (J.9)
Therefore
(a0, 1] = 80— ) 0.10)
— {Eaa’ fe). 1 €ltg 1g41)
O’ t ¢ [tq’ tq—b—l)‘
J.11)

Thus, if t € [1;, t;41), and we want to decode at receiver r,
then

N, 9 1
a et = [= (J.12)
T A 7

T, aam,g[ o VNs

oo M—1 5
X( > BDya + By b, )) )

q=0 r=0
M—1
N, n
=[5 X By 7
oo M—1 ng—1
x <Z (BysDj'a, +B,SF;”bj§ ))
qg=0 r=0
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nS/
+ Brs/FqS ’rbr:sq)> |0). J.13)
Define the auxiliary operator f)j as
oo M—1
@ST = B,SDS rq +B”FS ’b ' J.14)
q=0 r=0
We have
N M n
Al d Ye S,70 s atyns—1
aro(t)m) Tp ; (Brole ) \/n—S'(UA)

X (®))"10).
e

We show that the defined auxiliary operator has the property

of creation operators and thus can be considered as a virtual

creation operator

(J.15)

J.16)

o0
% S, OV VA
Z BrSFq Br/S/Fq/ [ r,éq’ br,’%-q/:l

oo M—1 oo M—1
=>>> > B.Dj " BrgDly" 8,8y (J.17)
q=0 r=0 ¢'=0 r'=0
0o M—1 oo M—1
s v
DD DD BIF BgFy 0y
q=0 r=0 ¢'=0 r'=0
oo M—1 oo M—1
:Z Bszr*B Ds r+ZZB*Fsr*B Fsr
q=0 r=0 g=0 r=0
J.18)
M—1 0
= Z BB,y Z(D‘;’*D‘;" +FE) (J.19)
r=0 q=0
( No—1
= D hoshy k) Z B’ B,y (J.20)
Ne i =3
= Jy- J.21)

Since the commutation relation [y, f)j,] = §,y holds, the cor-
responding number states of these auxiliary field creation

4100940

operators form orthogonal modes; hence, we define

ns)v, = (@)™ |0) (J.22)

ﬁ_.
h\

which denotes a quantum state with ng photons in mode vy.
Therefore

a, (0| d!) = Z s (BrosD)™)

X |n0>v0|n1)v1 s g — 1>vj s |”M—1)UM,1~

(J.23)

Thus, the intensity at time ¢ € [z, f,41) is obtained as

Iy(6) = (®71a,} (D), (1)) (1.24)
N M—1
=7 > nylBros DO (J.25)
P s—0
N, N,
= fntrorquF + o > nglBry D> (1.26)
p p 51
where
Dy = Z \/_d,,\q g-hrgg-t (.27
[=max(0,g—N.+1)
q
DT =D, = Z \/_ (J.28)

I=max(0,g—N.+1)

Next, we pursue the same procedure for coherent states
using Proposition 14.If ¢ € [17, #;41), and receiver ry decodes
the data of sender sy = rg, then

o0
lgy) = l_[ BroryDg@sg=r & + ZB,()SD‘;’”’O(S,&>

q=0 SF£F
(J.29)
o0 1 M—1 2
= 1_[ exp | = ros Dy 0
q=0 s=0
M—1
X exp (Z By, D ) |0). (1.30)
s=0

Based on the aforementioned equation, we may write

&, (Ol 1)

:\/7 mgl[nexp !

M—1
X exp (Z ByysD}"0asd, ) ]|0>
5s=0
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N M—1
= < Z BrosD;’rOOlS
Tp s=0

00 1 M—1
X 1_[ eXp | — E
q=0 5s=0

2

ros q

M—1
X exp (Z BrogD ) |0)

s=0

N M—1
= =5 D BrsD s | oty ) (J.31)
Tp s=0
Then, for ¢ € [t4, 1441), we obtain
dy AT A d
Ly (1) = (%4, (1)a;, ()] @)
M-1 2
— > ByysDa (1.32)
s=0

APPENDIX K

TWO-USER QUANTUM SPREAD-SPECTRUM
INTERFERENCE

As an example, we study a two-user multiple-access com-
munication system utilizing OOK modulation for the trans-
mission of one bit. Assume that the receiver with index 0
is decoding the signal from transmitter 0. We consider a
balanced star coupler, i.e.,

Boy Bop . 1 1 1
Bio Bi) v2\-1 1)’

A. COHERENT INPUT QUANTUM SIGNALS

The output of a two-user coherent quantum spread-spectrum
CDMA communication system at receiver » = 0 is a pure
state given by Proposition 14 as

(K.1)

Py = leo.er) (0.6, (K.2)
where
o0
leo.er) = [ | | =Dy, + D;Oal,gq) (K.3)
q=0 V2 V2

The average intensity of the received signal is given by
Proposition 16 as

I N, 1o |?
Ip(t) = EF G0 +Dq’ oq te

p

[tq, tq+1 ) (K4)

Let ng 4, be the number of photons in time interval g.
Since the quantum signal is a coherent state at each chip
time, the chip-time photon statistics, P(ng 4), has a Poisson
distribution

1 2
ng,q ~ Poisson (5 ’ano + D}I*Oal‘ ) (K.5)
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which gives the overall photon statistics as follows:

2

1
no ~ Poisson 2 Z(ano + D;'Oal) (K.6)
q

where ng is the number of photons at the receiver after the
filter.

B. SINGLE-PHOTON INPUT QUANTUM SIGNALS

In this section, we consider the output of a two-user single-
photon quantum spread-spectrum CDMA communication
system at receiver r = 0. The details are given in Appendix L.
In this case, due to superposition of single photons, the re-
ceived quantum signal at each receiver appears as a mixed
states.

1) ONE USER IS TRANSMITTING
If transmitter s = 1 is turned OFF, i.e., it iS in vacuum state
|0), the received signal of receiver r = 0 after decoder is

1 1
= ~|00){00| + = Ilo,e){1ogl- (K.7)
2 2
Applying the filter gives
p§=— 1+Z|Fl 100,1) (00,
Z D> | ogr)(logl  (K8)

where |10 g,) is the desired signal after the filter defined as

lo.6r) 1= —— ZD lore,)- (K.9)
\/ Zq =0 |D | g=0
The signal intensity is obtained using Proposition 16
1IN,
I) = 5==IDy*, 1 € ltg, tg11). (K.10)
27T,

2) BOTH USERS ARE TRANSMITTING
If the second transmitter is also transmitting single photons,
we obtain

%)
M=2,balanced
A Ne—1
=, Z 1To.g, ) Z 20k Ak Hog, )
ko=0 k=0
Ne—1 No—1

Z g, )

Z MkoMkol1g,)

ko=0
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NN
TN Yo > (A= hokrirrohig)
ko=0 k=0

X 1lo.g)111g,) (K.11)

The last term in summation is zero for ky = k; regardless
of the encoding sequences, which gives the spread spectrum
version of the Hong—Ou—Mandel effect [37] as follows.

Corollary 3 (Spread-Spectrum Hong—Ou—Mandel Effect):
The state [1g¢,)[11,¢) never appears in the output of the
balanced two-user quantum broadcasting channel for spread-
spectrum single-photon inputs when two users are simulta-
neously transmitting information.

For identical codes A = Ag, (K.11) reduces to the fol-
lowing NOON state,> which corresponds to the normal
Hong—Ou—Mandel effect

| &) (120,£)101) — 100)[21,¢)) . (K.12)

M=2,balanced o ﬁ

The overall received quantum signal after decoder of re-
ceiver r = 0 is obtained, in terms of the normalized cor-
relation (Ag|Aq), by taking partial trace of |d9) (D] with
respect to r = 1, which gives

1
ot = 7 (1410801 ADPR) 10+ Dowerdp (1 + Doserao|

1
+ < (1180181 ) 100) 00

4
Ne—1
+ 1 —Xorh Aog|A
N, g( 0.k Mk (Aol A1)

X |Lo,eydy.k) (10.e1dg. k- (K.13)

For random (approximately orthogonal) codes with
(AglA1) =~ 0, (K.13) reduces to
1 1
o ~ 4_1|(] + 1D)o,e,dy) (1 + 1o,eya] + 4_l|00><00|
Ne—1
> oerdo.k) 0.1yl
2N, =

+ (K.14)
where state [(1 + 1)o,e,d,) X [10,¢)] lo,geldo> is defined in
(L.39) and is associated with the product of the desired quan-
tum signal with interference from transmitter s = 1. On the
other hand, |1 ¢,q,.x) given by

_ og) = Rokri il gerap)
V2( = hokhik (AolA1))

contains the desired signal in superposition with the multiple
access interference signal.

(K.15)

[10,e,d,k)

SNOON states belong to the class of Schrodinger cat states and have
emerging applications in quantum communications, protocol design [38],
and quantum error correction [39].
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After applying the filter and taking the partial trace, we
obtain the mixed received quantum signal at the output of
receiver r = 0

fa = Copl(1 + D)o1.eydy) (1 4+ 1o T.eydy |

o0
+ Z Cr,p110,T.e1dy.F,) (10.T.e,do. F, |
q=0

Ne—1

+ Z Cp,1,110,T,e1do. k) {10.T,e1dp k|
k=0

+ CCo|00,T) {00, 1] (K.16)

In the aforementioned expression, [(1 + 1)o,1,¢,4,) cOrTE-
sponds to the case where two photons from the two trans-
mitters have arrived at receiver » = 0 and both have passed
through the filter. Quantum signals of the form |1o 1 ¢,4,, Fq)
correspond to the cases where two photons from the two
transmitters have arrived at receiver r = 0; one of them have
passed through the filter and the reflected one corresponds
to time interval g. State |1o,T,¢,d,.k) corresponds to the case
where one photon has arrived at receiver » = 0 and it is also
transmitted through the filter. The expressions for these states
along with the corresponding multiplying factors are defined
and calculated in Appendix L.
According to Proposition 16, the signal intensity is

I N,
o) = 57 (ID? +1D°P). 1€ lrg.1q+1).
TI’
(K.17)

One can also use a rough approximation to gain insight
into the photon statistics of the received quantum signal in-
dependently of the reflection coefficients, as follows.

Proposition 17: Consider a two-user spread-spectrum
QCDMA communication system utilizing single photons
with random spreading sequences and a balanced broadcast-
ing channel. Denote the set of active transmitters by S. The
photon statistics at receiver r = 0 that utilizes the code Ag to
decode the quantum signal can be approximated as follows.

1) §=1{0}
1 1
P(ng) ~ (1 - §©> Onp,0 + 5@ X 8po,1- (K18)
2) S ={1}

1 1
P(ng) ~ (1 - §©°~1) 81,0 + 590’1 X 8 1-
(K.19)
3) S =10, 1}

1 1
P(ng) ~ (1 — 5(@ +2%h) 4 Z@@“) 89,0
1 0,1 1 0,1
+ §(©+D )—EQC‘D B, 1
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1
+ 1990’1 X By 2- (K.20)

Here, the signal and interference overall transmission
coefficients are, respectively, denoted by

o0
D =) Dy (K.21)
q=0

o
201 :=Y D). (K.22)
q=0
Proposition 17 shows that the output photon statistics is
approximately dominated by the transmission coefficients of
the filter. As shown in Fig. 10 and discussed in Appendix
G-A, we asymptotically have ® = 1 and ©%! ~ 0.

APPENDIX L

DETAILED DERIVATIONS OF TWO-USER
SPREAD-SPECTRUM SYSTEM WITH SINGLE PHOTONS
In this section, we consider the case of M = 2 users with
single-photon transmitters and OOK modulation scheme
over a balanced star coupler.

A. ONE USER IS TRANSMITTING

Assume that only transmitter s = 0 is transmitting single-
photon quantum signal and the other source is turned OFF and
thus is in vacuum state. From (1.39), the receiver’s decoded
state is

Ne—1 1
1 ’
|9) = ( i > ZBrvo,m,k&;gk) 0) (LD

k=0 r=0

| Nl
AT
= — Byod,
Ne—1
+> BIOXO,kkl,k&I’gk)m)- (L.2)
k=0
The first term means that the single photon has arrived at
receiver 0, while in the second term stands for the case that

single photon has arrived at the other receiver.
The overall density matrix is

pa = &%) (@], (L.3)

In order to calculate the received state at the receiver r = 0,
we need to calculate the partial trace of p; with respect
to r # 0. Basis vectors of the Hilbert space of r # 0, with
nonzero contribution to the partial trace, are of the form
{101), [11,£,)}. 101) is the state where receiver r = 1 is in the
vacuum state, and |1 g ) are the cases where 1 photon has
arrived at receivers r = 1 at chip time k&

Py = Trrso(pa) = Trrso(|D) (D))
Nq—1

= (0110} {@9101) + D (11 ]109) (@11 5,). (LA
k=0
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The projection of |®%) with respect to [01) is

Ne—1
01107) = Booro 044y . 100)
< ) m g 0,8
=
= Boo A0,k20,k 10,6, )
/—NC g &k
= Boollo,e) (L.5)
and the projection with respect to |11, ) is
1
16|09 = B1oxo,kA1,k100). (L.6)
(419 =~
Therefore
Newl |
p§ = 1Boo11o.6)logl + 3 ~=IB1ol100) {00l
k=0 ¢
= [B10]*100) (0ol + [Bool*[10.¢) (1o ¢| (L.7)

where [¥9) = |1¢,¢) is the transmitted quantum signal by
sender s = 0. The term |Ig¢){lo,¢| in the aforementioned
statistical mixture denotes that the single-photon quantum
signal of transmitter s = 0 is correctly recovered. In contrast,
the term |0p) (Op| stands for the inevitable loss induced by the
broadcasting channel.

Since the evolution of the filter is represented by operator
H, we may obtain the effect of filter using the following
relation:

ot =HpdA". (L.8)

The transmitted signal through the filter can be obtained by
taking the partial trace with respect to the filter’s reflection.
The basis for partial trace (with nonzero projection value) is
{IO0.R), |10,R,§q)}. The two types of states |0 r) and |10,R,§q)
denote the vacuum state and the single-photon state at time
interval ¢ in the reflected output port of the filter, respectively.

In order to obtain the state after the filter, we need to
calculate the following partial trace:

po = Trr(pg ) (L.9)

o0
= (Oorlpg 100R) + Y (loreg, 0§ 110.R.6,)

q=0

= |B10l* (00.r 100) (00|00 r) (L.10)

+ | Bool*(0o,r [Fl[ 10,6 ) (10,¢ [FIT|00,R ) (L.11)

o0
+ Y 1Biol* (1o.r.£,100) (0ol ok 2,) (L.12)

q=0

o
+ Y 1Bool*(lor.g, Allog) (1o A 1o .z, )-
q=0
(L.13)
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The projections of |0) with respect to the basis functions
are

(lo.rg,10) =0
(00,r10) = [00,7).

From Theorem 4, the correctly decoded single-photon
quantum signal after the filter is

(L.14)
(L.15)

[o9]

=Hllog) =) (Dgllote,) + Fyllore,)) -
q=0

g.r)

(L.16)

The projections of this quantum signal with respect to the
basis functions are obtained as follows:

(lo.r& |Hlloe) = F4l00,1) (L.17)
o0

(Oo,rIH[1p,e) = ZDq|1O,T,§q)~ (L.18)
q=0

The transmitted state after the filter in case where the single
photon has passed the filter is

1Y P p—— ZD lo1.6,) (L.19)
,/Zq 01Dql* 4=0
which gives the following state at the receiver end:
oo
po = | 1B1ol* + 1Bool* Y 1Fyl* | 100.1) (00,7l
q=0
o0
+1Bool* | Y 1Dg* | o.gr)(logl-  (L.20)
q=0

For a balanced star coupler, the chip-time photon statistics
can be easily calculated

1 S
P(n=0) = - L+ ) |F,| (L.21)
q=0
1 2
P = 1) = 5Dyl (L.22)
which gives the overall photon statistics
IP( —0)—1 1+i|}v|2 =1 1@ (L.23)
n= =3 q = > .
q=0
1 2
Po=1)=> DD =5 (L.24)

k

Similarly, when s = 1 is transmitting single photons and
s = 0 is turned OFF, the following mixed state is obtained at
the receiver of user s = 0:

o0

2 2 1,2

po = | 1B1ol* + 1Bool* Y _IF"|
q=0

|00, 1) {00, I
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o
+1Bool | DOIDY'1P | 1ogr)(log | (L25)
q=0
where
1 o0
log) = ———==> Dg'llorg,)  (L26)
Zq:() |Dq’ |2 q=0
Also
1
P(ng=0)=1— 5@“ (L.27)
1 0,1
Png=1) = ED ’ (L.28)
where %1 = Y722 DO 2.
B. TWO USERS

Assume that transmitters S = {0, 1} are transmitting single
photons simultaneously. Using Proposition 15, we have

1 N.—1
97) = 1'[( T ZBHAA mka,g>|0>. (L.29)

k=0 r=0

The state |®¢) can be expressed in terms of the chip-time
number states as follows:

|9)
Ne—1 Ne—1
( Z Boollo.g,) >< Z Borhok Ak oz, ))
k=0
| Nl Ne—1
+ —( Z Bll|11,§kl)>( Z Blo)»l,ko)»o,kolll,sko))
N
k=0 ko=0
| NI N
+ E( >3 (BooBullog,l1e,)
ko=0 k=0

+ Bo1B10Ao.k Ak Ao.kg Mk 0.5 2 118, )) > (L.30)

For a balanced star coupler, we have

)|
M=2,balanced
Ne—1 Ne—1
= —< Z 1To.g, >< Z 20k A1k Ho.g, ))
k=0
No—1 Ne—1
( Z IT1g, )( Z M,ko?vo,kolh,sk()))
ko=0
SN
( Z Z (1 = 2o ko Mk A0,k Ak )
—0 k=

X og Mg, ))) (L.31)
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The last term in summation is zero for ky = kj, which gives
the spread-spectrum Hong—Ou-Mandel effect. That is, the
state |1o.g )11, ) never appears in the output of the balanced
star coupler for spread-spectrum single-photon inputs when
two users are simultaneously transmitting information.

The overall density matrix is

pa = &%) (@] (L.32)

Basis vectors for the Hilbert space of r # 0 are of the form
{101), M1g)s 121,80, Mg M 11g, ) (ko < k). Then, we cal-
culate the partial projections with respect to the basis vectors.
The projection of ®¢ with respect to |0;) is

1
(01107) (®710,) = 7110l

The product form of |10,5)|10’§e1d0) is not normalized.
Therefore, we need to obtain the normalization factor. First,
we express the chip-time interval decomposition of this
quantum signal

Lo gerdg) (Lo gerdp [({Lo,g . (L.33)

Ne—1
[10.6) 1o gerdy ) Z o0&, (L.34)
Ne—1
X \/—Z)\lk])VOk1|10§kl>
Ne—1Ne—1
(Z Zklklk()kl“()&())uoékl))
k=0 ky =
s.t.ko#k;
Ne—1
+ Z AMaroxv2120.2,) (L.35)

Ne—1 N—1
1 c c

= ﬁ(Z Z A1kgroky + Ak Aok ) og Mo, ))
2

ko=0 k;=0
s.t.ky <k

-1

A Z hikhoxv2120,). (L.36)
Therefore
1
Catn = ||Ello,g>|10,§eldo)||2 (L.37)
| NN
T AN (Z Z A1koh0.kg Ak 20.ky )2>
ko=0 k; =0
s.t.ko <k
Ne—1
iVl Z()\lk)\Ok‘/_)
4NC =
| NNl
4N2<Z Z(2+2)‘1k0)‘0k0)‘1k1)“0k1)>
ko=0 k;=0
s.t.kg<kp
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+ &21\%
I N.N.—1) 1
= 4NgZT oy
Ne—1Ne—1
4 5 Z Z(M ko0, ko Mk A0k, )
Ne ko=0 ki=
stkoyékl
Ne—1 1
4N3 % (A1 o,kr1,kR0,4) —ch
Ne
I I I I
AN2 2 2NZC T AN2
| NemINel
NCZ kOX:O k,X:o(M KoM0, koA Ky A0k, )
Ne—1 Ne—1

Z ALko 20, ko Z ALk 20,k

B

1 2
= 1 (1+ 1a0a0P). (L.38)

We may define the normalized state corresponding to
31106011 gerdp) as

1
I(1 4 1o,e;dy) = E(C(l“)) 0) (L.39)

é quo

1 _1
=§(C(1+1)) 2oy gerap).  (L.40)

Therefore, the projection of ®? with respect to |0y ) is further
simplified as
(01199) (@9101) = 1) (1 + Do) (1 + Doy
(L.41)

This part of the received mixed quantum signal corresponds
to the case where both transmitted photons arrive at receiver
0 (with probability [BooBoi|> = ).

The projection of ®¢ on [11g,) is calculated as follows:

Ne—1Nq—1
(11109 = 115,( (Z Z (L.42)
ko=0 ky=

(1= Rosgrtgros ) o6 g, >)>
N.—1
1
= > <11,,§k|( D= hogrrrosri ol log )1g)
¢ ko=0
(L.43)
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Ne—1 Ne—1

+ Z Z ((1 = Mok A ko A0k Ak ) Tog ) 1 1g, )))
ko=0 k=0
Ky #k
L (v
= 2(1—)»01(0)»11(0?&01(?&11(”105,( M1g 1)
5 B s s »Skq ’ s
2N, Powr’ _l,_z
(L.44)
Ne—1 Ne—1
+ Z Z (1 —)»o,ko)»l,ko)»o,kl)»l,kl)Ilo,gko)<11,gk|11,gk1>
k():O k1:0 N————
Kk 0
| Nl
— Aok kg AokA 1) o, ) - (L.45)
C
ko=0

Again, the norm of the aforementioned equation is not one,
and we should find the normalization factor

Crp =1 {11g 19 17
L Neo
=N Z 11— X koM kg hokh 1 k1
€ ky=0
| Neo
=N Z (2 = 220,602 1,ko M0,k 1K)

Cko

Nq—1
1 MMk N
= = — A0,k MLk

(1= Xoxrik (AolAr)). (L.46)

- 2N,
Next, we define the normalized state as

Ne—1

Z (I = 2o.kgr ko Aok 1) o))
ko=0

(Clk)_7
2N,

|10,61d0,k> =

1
(Clk)_z 1
- > o
2J/N. /N, ko=0| 0.5,

Ne—1

(L.47)

(Clk)77
AQ kA A0k A 1
WA 0.k lk\/— E 0.k M ko 0,5, )

(Clk)
= (|1QE ,\o,k,\l,kuo,éelm) (L.48)
1To.g) = AokA1kllg gerdy)

(L.49)

~ 20— hoihrk (AolA1)

which is the superposition of the original signal and the
multiple access interference signal.
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The projection of @7 on |11’$k0>|11v§k1) with kg < k; is
calculated as follows:

({1, (11,6, DID9)

= ({T1.g, (115, |

(E )

Ne—1
x ( > )~1,k’0)~0,k6|11,§k6)>

ky=0

1
= —Z—NC(ULgk1 (118, D

Ne—1

x <|11,gk0> g )+ Y
k/l:()
S‘t.k/] #ko. ki

|11,$k/| ))

x (M,ko)»o,kolll,gko) + Ak Aok g, )

Ne—1
+ Y )‘l,ké)‘o,k6|11,§k6>>
/|
k=0
S.t.ké;ﬁko,kl

1
= ——(A0,kpM ko + 20,k 21,4,)100)- (L.50)
2N,

Therefore

({11, 1115, DI @11 g )1 g, )

1 2
- 4N2 |)‘0,k0)»1,k0 + )‘O,kl)‘l,k1| 100) (0o

+ 20,kp M1,k A0, A1.%, ) 100) (0ol (L.51)

ZW(I

The projection of ®¢ on |2 ¢,) is

(21.6,197)

= 21gk(2|115k/ )

Ne—1
( Z Mg o 11 5k/))

k=0

N.—1
Z |1]§k’ )

5tk’¢k

1
=——(2 1
ZNC< L (' L&)

Ne—1

x (M,k)»o,klh,gk) + ) )»1,k’1)\o,k/1|11,§,{,1)>
k=0
S.LK| £k
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S 2214
__ZNC ’ ’ I’Skl

— L.52
3N, (L.52)

Therefore

1
(215109 (@121 4,) = 7z 100) (0ol (L.53)
C

From (L.51) and (L.53), the coefficient of |0y)(Og| is

| NemINe—l

N 22 Z(1+/\0k0/\1k0/\0k1/\1k1)
Ck() 0 k;=0
s.t.ko<kp

C():

| NemINe—]
= I QZ Z(l-i-)»OkOMko)»Okl)»]kl)
Ne im0 20
s.t.koF#k)
Ne—1

1 1
A1kAO kAT KA
— Y Orrorriiror) — Nc+2Nc

4ch0

Ne

1 1
= —N.(N, — 1 — Al A2
4N52 C(C )+4N¢+4|< 0| 1>|

=L Daganr
=7 T 7 1(BolAs

1 2
= < (1+1080180P) (L54)

= C(+1)- (L.55)

The overall received quantum signal is

06 = Caanyl (1 + 10.e1d0) (1 + Do.edy | (L.56)

Ne—1

+ Y Cr 10,010k {10,610,k ] + Col00) (o)
k=0

L4 1ol P) 1+ 1 1+1
7 (14 1AOIAD ) 1C1+ Do) (1 + Doy
+ 7 (14 (A0l ADIR) 100} 00l

Ne—1

2N, =

(L.57)

For random (approximately orthogonal) codes, (Ag|A1) &
0; therefore, C(141) = Cp ~ 3—‘ and Cy, = L . Consequently

1

1
A —=|(1 + 1)0,e;dy) (1 + Doeyay| + 4_1|00><00|

4;
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Z (1= Aok (A0IAD) Mo.e,do.k) (10,e1dg k-

| N

2ch0

(L.58)

) 1o,eqdg k|-

For similar codes Ag = Ay, C+1y =Co = %, Ci, =0, and
[(1 4+ 1)0,¢,dy) = |120). Therefore, the density matrix (L.56),
due to the Hong—Ou—Mandel interference, reduces to

1 1
= 5120){20l + 7100)(Oo- (L.59)

Next, we apply the filter to ,0‘1, and then, we take the trace
with respect to the reflected signals. The states [1g ¢, dy.k)
correspond to the case when only a single photon arrives at
the receiver; therefore, the derivation is similar to the single-
photon transmitter in (L.20). Therefore, utilizing Theorem 4
and Proposition 9 for (L.48), we may write

Hl10,¢,dy.k)

G2
2N,

(Clk -3

(ﬁllo,s) - )»o,k)»l,kﬁllg,geldo))

o0
(Z (Dgllore,) + Fyllor.g,))
q=0

L

o0

—)»OkMkZ(

The projection with respect to [Op r) is

1 N
(C1,)2(00,r H[10, e, dy,k)

"ore,) + Fy |10,R,§q>) >

1 - - 0,1
eV ( ZDq| lotg,) — AokAik ZDq’ |10,T,sq)>.
q=0 q=0
(L.60)
We define the normalized state as
[10,T,¢,dy,k)
,i
= (Cp1,) 2 x <ZD o,1.¢,)
o
— hoxrik Yy DY IO,T,Sq)) (L.61)
q=0
1
_1 > ’
= (Co) 2 x [ | 201D ) og)
q=0
1
00 2
0,12
— hoarie | D 1DYY 1 ger0) (L.62)
q=0
where the corresponding normalization coefficient is
1 o0
o _ 0,12
Cp.i, i= N q_zo IDg — hoch1k DY (L.63)
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The projection with respect to |1or g, ) is
1 N
(Clk)z (Lor.& HlLo.e,dy.k)

——(Fy — Aoihl, kF H100.1). (L.64)

2«/
We define the following coefficient to simplify the terms
involving |0g 1) (0o Tl

1o 0,12
CF,Ok = m Z |Fy — )\.O’k)\.l’qu’ |<. (L.65)
q=0
Therefore
Trr (C1, Hl Lo,¢,dy ) (10.¢;do.k/H)
= C1, {00, IH 1o e,dy. ) (10.¢o.H 100 R)
o0
+C, Z(lo,R,ngHl 10.e1dg k) {10,e,do.k/H' [ T0.R £,)
g=0
= Cr,0.100,1) (00, 7| + Cp,1,110,T,¢,do.k) {10,T,e1do, k|-
(L.66)

Using Theorem 4 and Proposition 9, the effect of filter on
the two-photon state of (L.40) is obtained as

1 A
Ca+n)2H|(1 4+ 1)o.¢,4,)

o0
D (Dgollome,,) + Faollorg, )
q0=0

Z(D lore, )+

q1=0

F0.1
Fyolloreg, ) (L.67)

When we have two photons at the receiver, the ba-
sis for partial trace (with nonzero projection value) is

{I00,r) [To,R.&,)+ 120,R.&,)- o,R .8, ) [ T0,R 8, ) (g0 < q1)}-

In order to obtain the quantum signal corresponding
to PIl(l + 1D)o,e,q,) after the filter, we need to compute
Trr (H|(1 + 1)o.¢,d0) (1 + 1)o.¢,4, /A7) The projection of
H|(1 + 1)o,e,d,) With respect to |Op ) is

1 A
(Ca+1))2 (0o, rHI(1 + Do,e,dy) = (L.68)
o0

1 o0
=5 | 22 Pallorg,) | | 22 P4 lors,)
q0=0 q1=0

= _Z Z(DOIDLH + Dy, DY 1)|10T$q0>|10T§q1)
41=0go=0
s.L.g1>90

1 o0
+5 > V2D, DY 201, (L.69)
q=0

which corresponds to the case where two photons have ar-
rived at receiver r = 0 and both have passed through the filter.
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The norm of the aforementioned expression is

Cop := _Z Z'DO 'Dy, + Dy Dy I

111—0 qo=0
s.L.g1>q0

0, 1
+ 2 Z |Dg, DY (L.70)

q0=0

We obtain the normalized transmitted two-photon state as
I(1 4+ 1Do,T,e1dp)

1 _1
=5 Cop)2

o0
Z D(I0|107Ts$z10> Z D |10TS‘11

q0=0 q1=0
(L.71)
1 1
_1 2 0,1,2
=(Cpp) 2 | Y_ 1Dy, > IDg
q0=0 q0=0
X |]0,§T>|1 Seldo) (L72)

Hence

= Cpp)? [(1 4 Do.Toeydp)-
(L.73)

1 A
(Ca+1))2 (0o, rIHI(L + 1)0,¢,d,)

Another term in the expression of the partial trace is the
projection of (L.67) with respect to [1or &,)

1 A
(Ca+1)2 ([ Lor g, HI(1 + 1)o.dy)

TYES LS 0l
- EF’I’ Z Dgollo.rg,,) + EF‘I Z Dy org,)
90=0 q1=0
1 o0
) Y (F)'Dyy + FDG Do, (L.74)
q0=0

which corresponds to the case where two photons have ar-
rived at receiver r = 0 and only one has passed through the
filter. The norm of the aforementioned expression is obtained
as

1 - 0,1 0,1,2
Crp = i Z |Fy"' Dy, + FyDY 1. (L.75)

q0=0

Therefore, the normalized state
{To,R,&, (1 + 1)0,T,¢,d,) can be defined as

corresponding  to

o
1
2 0,1 0,1
(Cro) 2 Z(Fq Dgy +FyDgy ) o1.g,,)
q0=0

1
[10,T,e1do.F,) = 3
(L.76)
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D=

1 1
5 (Crp) B Z IDg* | 1o.gr)
q0=0
1
2
Zu)‘“ 11 erdy) |- (LTT)
0 %-el 0 . N
q0=0
Hence, we may write
1 A
(Ca+1))Z(Lo.r &, HI(L + 1)o,e,dy)
= Cr,p110.T.e1dy.F, ) {10.T e1dy. F, |- (L.78)

The final term in the partial trace corresponds to zero pho-
tons at the intended receiver due to the loss induced by the
filter’s frequency mismatch obtained from (L.67) as

1 N
(Ca+n)2((Torg, [(Lo.r g, DHI(1 + 1o,e,ay)

= E(an)qul + FgoF, q| D100y (L.79)
and
A 1
Q0R & [HI+ Doeja) = 5V2F) Fyloor)  (L80)

which corresponds to the case where two photons have ar-
rived at receiver » = 0 and none of them has passed through
the filter. For this case, we define the following coefficient,
for summation of coefficients of |0p 1) (0o T/, to simplify the
final result:

LS N .l 0,12
Crr :ZZZ Z'qu Fyy + Fgo By

q1=0go=0
s.t.q1>q0

+ 2 Z |Fao 2. (L.81)
q0=0
Also, based on (L.63), (L.65), and (L.75), we define
N—1 Ne—1 oo
Cri= Y Cro, = Z Y 1Fy = hoxr i FQ P
k=0 Ne k=0 ¢=0
(L.82)
. 1 Ne—1 o0
Cp = Z Cpa, = A Dy — )»o,k)u,kD(,;’ll2
k=0 ¢ k=0 ¢=0
(L.83)
o0 1 o o0
Crp = ZchD =1 Z Z |Fy"' Dy, + FyDg! 1.
q=0 4=0 go=0
(L.84)

Using the density matrix in (L.56), and the projections
in (L.66), (L.73), (L.74), (L.79), and (L.80), the transmitted
quantum signal after the filter can be described as

po = Trr(ApdAT) (L.85)
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o0
= (0o rIFp{HA" |00 R) + Y (lor.g, IHpfH 10 R g,)
q=0

o0
+ Z<20,R,g,,|ﬁ,061m|20,1z,5q)
q=0

oo oo
+ ) (lore, [(lore, HofH o r g, ) ToR g, )

q0=0¢1=0
= Cppl(1 + 1)0.T,e;dp) (1 + Do, T,e,dp |
o0
+ ZCFqD|10,T,eld0,Fq><10,T,e1d0,Fq|
q=0
No—1
+ Z Cp 1, 110,T,e,dy.k) (10,T, ¢, dg k|
k=0
+ CC100,1){00,T| (L.86)
where
CCy :=Cy+ Crr +Cr. (L.87)

Therefore, the photon statistics of the output of receiver
r =0, i.e., ng, are calculated as follows:

P(ng = 0) = Co + Crr + Cr
P(ng=1)=Cpp +Cp
]P)(n() = 2) = CDD-

Let us further simplify the aforementioned expressions in
terms of the signal and interference amplitudes defined by

(L.88)

o0

D:=) "D, (L.89)
q=0
o0

0= " ID)' P (L.90)
q=0

We use the narrowband filter approximation and the
approximate orthogonality of the spreading sequences,
. —1 ~ ~
1.€., ]%( Z;{\;O )»0,]()»1,]( ~ O, Z;io F;‘qu ~ O, and
ZZ‘;O Dg’qu ~ (0 (due to the random phase of the
coefficients), to simplify the results.

Note that from (L.81)
2
o0 1 o0
Crr = ~ Z o P 22 1P ) + 5 | Do Fy
90=0 91=0 q=0
(L.91)
2
1
= 1(1 —0)(1-2% 1)+ ZFO 'F, (L.92)
1 0,1
~ 1(=2)1 =%, (L.93)
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Similarly, from (L.70), we have

> 1
> 1Dy P |+ [ DoD)'D,

1 o0
CDD—— Z|D

q0=0 q1=0 q=0
(L.94)
1 1| ’
0,1 0,1
= 799"+ ZODq D, (L.95)
(1:
1
~ -0 (L.96)

Ty

Furthermore, from (L.82), we have

&
|

WK

Cr = |Fy — hoahiiFy ' 1?

T
Lo
=
Il
o

I
N

=
2

<
Il
o

(EQUP + 1, = 2h 1 iRe(F FO )

"k

1 — E 0,12 2
= (2—2(|qu >+ 1Dg1»)
=0 q=0
N,

0

=

>~

—1 00
1 c
~ o (Z )\O,k)\l,k) Re ZFquO*l (L.97)
€ \k= q=0
1 1 ¢ 0,12 2
o ZZ DY + 1Dy )
11 o1

Similarly, from (L.83), we have

z
L

WK

1

Cp =
D .

0,12
IDg — do.kr14Dy |

N
o~
Il
=)
=
Il
(=)

z
L

I

N
(-32 —
WK

(DY + 1D, = 230 41 4ReDGDY )

~
=]

<
Il
=]

(DY + IDg*) = —<:o°1+®> (L.99)

4>|~
™M

Il
=}

q

Also, from (L.84), we have

Lo~ N\ 0l 0,12
CFD:ZZZW%’ Dy, + Fy Dy, |

q0=04,=0
o0
Z |Dq1|2 Z |F01
q1=0 q0=0
1 o0
i D ZIDO‘
q0=0 q1=0
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+ %Re Z FyFy)! Z Dy, DY
q0=0 q1=0
] o0 o0
~ 7 STIDg P | 1= D> DY
q1=0 q1=0
1 o0 o0
+2 (- S D P | D] DY

q1=0 q1=0

1

=3 (@(1 — %y 4 011 — @))
1

- Z(@‘“ +D —299%), (L.100)

Substituting approximate values of the coefficients into
(L.88) gives

1 1 1 1
P(ng =0 S — (40! (1 — D)1 — D!
(g =0)~ 7+ 2= 2@+ D")+ ) )
1 0.1y 1+ Lo
=1-5@+2")+ 29D (L.101)
1 1
P(ng = 1)~ 7 (%! +D — 20001 + ;@ +9)
1 1
= 5(90’1 +9) - 5@530’1 (L.102)
1
P(ng = 2) ~ ZDQO". (L.103)
APPENDIX M

TENSOR PRODUCT NOTATION

We use the symbol [ [ for both the tensor product of quantum
states and ordinary product of operators. Since some authors
use the symbol ®, it is beneficial to discuss this notation.
For complex numbers, the symbol [] denotes the ordinary
product. For example

Ne—1
l_[ Ak = Aohp - -
k=0

For quantum states, the tensor product of vectors |/¢, ) € Hy,
i.e.,

AN.—1-

Ne—1

[T tve
k=0

results in a vector in the Hilbert space H with higher dimen-
sions. Also note that, as a convention, vacuum states are often
not shown in the tensor product state [40]. This convention,
for example, implies that

1) = 10g)10g, ) -~ [1g,) -+~
= [1e) [ T10s).
15k

For quantum operators, the tensor product is utilized to
bring an operator that acts on states inside a chip-time Hilbert

Nﬁl
Hbfk

| OEN[;— 1 )
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space Hy into the larger Hilbert space H. As an example of
quantum operators, note that the chip-time interval spreading
operator Uy is defined in , but its action only affects quan-
tum signals with components inside H; and corresponds to
unity for other chip times. Then, we have

0=10I® - I} QA RI®--- 1
k Ne—k—1

where IAJ;{ is represented in the chip-time Hilbert space Hy,
and we have

Ne—1 Nq.—1
[[G=]]I®0I®  ®I8U,08I1 &I
k=0 k=0 k Ne—k—1

=0 eUi®--- U Uy _,.
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