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Coherent LiFi System with Spatial Multiplexing
Yinzhou Tan, Student Member, IEEE, and Harald Haas, Fellow, IEEE

Abstract—Coherent light fidelity (LiFi) systems which
uses coherent detection at the receiver are attracting
more and more interest as they provide many advan-
tages over the conventional intensity modulation / direct
detection (IM/DD) LiFi systems. Recent efforts to boost
the performance of IM/DD LiFi systems include the us-
age of multiple-input-multiple-output (MIMO) technology,
among which spatial multiplexing (SMX) has gained cer-
tain attention. This paper combines coherent detection and
spatial multiplexing, and proposes a novel scheme called
CD SMX (coherent-detection spatial-multiplexing) LiFi
systems to improve LiFi performances. Compared with
CD single-input-single-output (SISO) LiFi systems and
CD spatial modulation (SM) LiFi systems, the proposed
scheme provides a spectral efficiency gain. Unlike IM/DD
or radio frequency (RF) SMX systems, the proposed CD
SMX LiFi system is free from inter-channel interferences
(ICI) due to the matching properties of coherent detection.
The performance of the proposed CD SMX system is stud-
ied via both theoretical analysis and computer simulations.
It is reported that the proposed system achieves a large
gain over its IM/DD counterpart, and a moderate gain
over a coherent system with SM.

Index Terms—optical communication, multiplexing, dig-
ital communication, MIMO systems

I. INTRODUCTION

Light fidelity (LiFi) was proposed as one solution
to the exponentially increasing data traffic demand
as the available radio frequency (RF) bandwidth has
become insufficient [1]. In LiFi systems, data is con-
ventionally modulated onto the intensity of the light
emitting diode (LED) at the transmitter, and then
demodulated using direct detection at the receiver.
This principle is called intensity modulation / direct
detection (IM/DD). The performance of IM/DD
LiFi systems is greatly limited by the available
bandwidth of the transmitting LEDs. Solutions to
this issue include using alternative transmitters with
a larger modulation bandwidth, such as laser diodes
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(LDs). The popular and commercially available
phosphor-coated LEDs can provide a typical mod-
ulation bandwidth of around 20 MHz with a blue
filter, while LDs can provide modulation bandwidth
in the GHz range while maintaining a relatively
narrow wavelength profile [2]. In the meantime,
the design of LEDs also faces an inherent trade-
off between modulation speed and output optical
power level [2]. These circumstances have made
laser based LiFi and visible light communication
(VLC) systems more and more popular in recent
years.

Instead of a laser-based IM/DD LiFi system,
some researchers are now considering modulating
the LD in both the amplitude and the phase of
the laser field instead of simply modulating its
intensity/power, and using coherent detection at
the receiver. This results in a coherent-detection
(CD) LiFi system [3]. In IM/DD systems, since
the intensity is modulated, the signal must be real
and positive; but in the CD system, it is the laser’s
electromagnetic (EM) field that is being modu-
lated. Therefore, such restrictions no longer apply.
Compared to direct detection, coherent detection
provides better receiver selectivity and sensitivity
and therefore better power efficiency [3]–[5], but
does not directly increase the spectral efficiency of
the system.

Besides using LDs as the light source or using
coherent detection, a lot of effort has been made
and many techniques have been applied to boost
the spectral efficiency of LiFi systems, including
multiple-input-multiple-output (MIMO) technology
[1], [6], [7]. Various MIMO technologies have been
studied. These include the repetition coding (RC)
scheme where the same data is repeated by all
transmitters, making the system robust to various
transmitter-receiver alignments while requiring a
large signal constellation size for high spectral
efficiencies [7]. In contrast, spatial multiplexing
(SMX) schemes send different data from every
transmitter simultaneously, achieving multiplexing
gains but causing performance-degrading inter chan-
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nel interferences (ICI) [7]. The spatial modulation
(SM) scheme avoids ICI and increases both spec-
tral and power efficiency, and has been attracting
much research interest [8]–[11]. In SM, only one
transmitter is activated at any time instance, and
the transmitter indices are used to modulate data as
well. The information rate is proportional to log2Nt

in SM, while in SMX it scales with log2 min(Nt, Nr)
(where Nt and Nr are the number of the transmitters
and of the receivers respectively). The spectral effi-
ciency of SM systems increases with the number
of transmitters at a cost of increased demodula-
tion complexity [11]. The SMX scheme provides
a spectral efficiency gain over the SM scheme, but
its performance is greatly dependent on the channel
condition.

In this work, we explore the possibility of com-
bining coherent detection and MIMO techniques, to
further boost the performance of a LiFi system. In
a coherent optical system, the signal needs to be
down-converted in the optical domain first by an
optical local oscillator (LO) before its detection.
This process is called photomixing. An essential
requirement for the system to work is for the in-
cident light field and the LO field to match in terms
of both polarisation and spatial phase. That is to
say, across the detecting plane, the phase difference
between the two beams should be a constant and
the EM fields of the two beams should have the
same polarisation at any point. Imperfect matching
would result in an attenuation to the amplitude of
the desired data-carrying component of the gener-
ated photocurrent [4], [5], [12]. Imperfect matching,
sometimes referred to as field mismatching, causes
significant penalties to the system performance and
sometimes makes it impossible to demodulate the
data [4], [5]. The causes, effects, and the mitiga-
tion/compensation of field mismatching have been
adequately addressed in fibre-optics and free-space
optics (FSO) literature [4], [12], [13]. Since the
perfect matching of the fields can be achieved by
either adaptive methods as discussed in [13] or
manual alignment, many researchers assume that
there is perfect photomixing between the transmitter
and the receiver as in [3], [5].

The effect of field mismatching has been revisited
in this paper, and we introduced a correcting term
to the existing formulae on photomixing efficiency
in [4], [13], [14], to give a full account of the
influences induced by field mismatching. We then

proposed a novel type of LiFi system, the CD
SMX (coherent-detection spatial multiplexing) LiFi
system, where the matching properties are used to
guarantee a diagonal channel matrix and an ICI-free
MIMO system. The performance of the proposed
system is theoretically analysed, and compared with
IM/DD SM systems and CD SM systems via com-
puter simulations.

Contributions: 1) We have revisited the photomix-
ing issue of coherent optical systems, and have
derived a refined formula for the photomixing ef-
ficiency to include the influences of the polarisation
of the electromagnetic waves. By considering pos-
sibly different orientations of the electromagnetic
waves, our refined formula gives a better account of
the photomixing process than the existing formulae
reported in [4], [13], [14]. This refinement, to the
best of our knowledge, has never been reported
before; 2) We proposed a new structure for LiFi
systems, which combines the coherent detection
and SMX schemes, namely the CD SMX LiFi sys-
tem. Due to the photomixing properties of coherent
optical signals, the proposed SMX system is free
from ICI while still providing a spectral efficiency
gain. The bit error ratio (BER) performance of
this proposed system has been studied (using pair-
wise error probability (PEP) analysis and Monte
Carlo simulations) to demonstrate that the proposed
system provides better performance than coherent
spatial modulation (SM) systems and IM/DD SM
systems.

The rest of this paper is organised as follows.
Section II revisits the principles of the coherent LiFi
system and the effects of field mismatching. Section
III describes the system structure of the CD SMX
system. Then, section IV studies the performance of
the proposed scheme and compares it with IM/DD
SM systems and CD SM systems. The paper is
concluded in section V along with an outline of our
future works.

II. PRELIMINARIES

This section briefly describes how a LiFi system
would work with the CD scheme and then revisits
the field mismatching issue that has been discussed
in literature such as [4] and [13].

A. Principles of CD LiFi
In CD LiFi systems, the data is modulated onto

the EM fields of the laser instead of its intensity,
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therefore, it is necessary to consider the EM fields
instead of simply considering the intensity. Denote
the LD optical power as Pt and the channel direct
current (DC) power gain as G (G is the fraction of
optical power detected by the photodiode (PD) when
the signal light beam is vertically incident onto the
detecting plane), then the total optical power of
the signal across the detecting area is Pr = GPt.
Denote the total optical power of the LO across
the detecting area as PLO. Assume the transmitter
and the receiver are perfectly matched, so that both
the received signal and the LO lasers are vertically
incident onto the detecting plane, i.e. both fields
have no spatial phase variation across the detecting
area. Since the transmitter and the receiver are far
enough away from each other, the incident signal
light can be seen as a plane wave with uniformly
distributed power across the detecting area. Assume
the LO beam is collimated and close enough to
the PD, then the LO light can also be seen as a
plane wave with uniformly distributed power across
the detecting area. Suppose the signal has been
modulated by a constellation symbol s = Aejθ

where j is the imaginary unit. Then, using the root-
mean-square (rms) value for the field amplitudes
and the phasor expression, the fields within the
detecting area at a position r, at time t, are given
by the following equations:
• the electric field of the signal:

Es(r, t) =
√
ZGPt

Ad
sejωste (1)

• the magnetic field of the signal:

Hs(r, t) =
√
GPt

ZAd
sejωsth (2)

• the electric field of the LO:

ELO(r, t) =
√
ZPLO

Ad
ejωLOte (3)

• and the magnetic field of the LO:

HLO(r, t) =
√
PLO

ZAd
ejωLOth (4)

where Ad is the area of the detecting plane, Z is the
impedance, ωs and ωLO are the angular frequency of
the signal and the LO respectively, and e and h are
the unit vectors along the polarisation of the electric
fields and the magnetic fields, respectively. Since

both the signal and the LO lights are monochromatic
EM waves, e ⊥ h. There is no phase difference
between the signal and the LO, because we assume
that the signal phase has been recovered by an
optical phase lock loop (OPLL).

In the photomixing process, the electric fields add
up linearly and so do the magnetic fields. So the
time-averaged Poynting vector 〈S(r)〉 of the total
EM fields is given by [15]:

〈S(r)〉 =(Es(r, t) + ELO(r, t))
× (H∗s (r, t) + H∗LO(r, t))

(5)

where ‘∗’ denotes complex conjugate, and ‘×’
denotes the cross product when two vectors are
involved. Denote s = e×h, then s is the unit vector
along the propagating direction of the 2 waves.
Substituting the field expressions into (5), we get:

〈S(r)〉 = 1

Ad
(PLO +GPtA

2

+ 2
√
GPtPLOA cos(ωIFt+ θ))s

(6)

where ωIF = ωs − ωLO is the intermediate angular
frequency (assume ωs > ωLO, and the case where
ωs < ωLO can be similarly studied as cosine is an
even function). For homodyne systems, ωIF = 0.
The above result, (6), shows that the total field’s
optical power is also uniformly distributed across
the detecting area because in the expression 〈S(r)〉
does not depend on r. As the light beams are
also vertically incident, i.e., s = nd where nd

is the unit normal vector of the detecting plane
(pointing inwards from the detection area), so the
total received power is Ad<{〈S〉} ·nd where <{·} is
the real part of a complex variable. Therefore, the
generated photocurrent is given by:

ip =RPLO +RGPtA
2

+ 2R
√
GPtPLOA cos(ωIFt+ θ) + n

(7)

where R is the PD responsivity, and n is the total
noise term.

At the receiver side, the shot noise ns will become
dominant when the LO power is large enough, i.e.
when PLO � GPt, and other noises (such as thermal
noise and background noise) can be neglected [3],
[5]. Therefore, for the coherent systems (both CD
single-input-single-output (SISO) and CD SM) in
the shot noise limited condition, n ≈ ns. It has been
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demonstrated that the shot noise can be modelled by
a white Gaussian process when a PD is used as the
detector [5]. For the heterodyne system (passband
system), the shot noise power is given by [3], [5]:

σ2
s = qBip =qB(RPLO +RGPtA

2

+ 2R
√
GPtPLOA cos(ωIFt+ θ))

(8)

where q = 1.60 × 10−19 C is the elementary
charge and B is the system bandwidth. For the
homodyne system (baseband system), a multiplier
of 2 should be applied to (8) but B should be
replaced by the baseband bandwidth, resulting in the
same noise power as that of the heterodyne system.
When PLO � GPt as previously assumed, the term
RGPtA

2 and the cosine term become negligible
compared to RPLO. Therefore, the instantaneous
photocurrent in (8) can be approximated by RPLO

when calculating the shot noise power and (8) now
becomes [5]:

σ2
s ≈ qBRPLO (9)

When PLO � GPt does not hold true, (8) should
be used instead of (9). The component of interest
of the photocurrent is the data-carrying alternating
current (AC) term (the cosine term) in (7). This
component is selected by a bandpass filter (BPF)
from the photocurrent, and then an extra −π/2
is added to the phase to create the quadrature
component (for homodyne systems, this is done by
using an extra LO with a −π/2 phase shift and an
extra PD, as the AC term would be reduced to a
DC term). Then, they are used to demodulate the
transmitted constellation point as in a RF heterodyne
receiver. Assuming that the constellation has been
normalised so that E[|s|2] = E[A2] = 1 where E[·]
is the expectation, then from (7) and (9), the average
signal-to-noise ratio (SNR) of the CD LiFi system
(averaged over all possible constellation points) is
given by:

µ =
(2R
√
GPtPLO)

2/2

qBRPLO
=

2RGPt

qB
(10)

The SNR of the homodyne system should be
3dB larger than µ given in (10), as the cosine
term will be reduced to a DC term [5]. Without
further indication, all CD systems in this study
are heterodyne systems. Homodyne systems can be
studied similarly.

signal
light

LO
light

detecting
plane

e

h

e'

h'
s'

r

nd

φ
s

s'

s

Fig. 1. Definition of the system vectors. All vectors except r shown
in this figure have unit length. (e′, h′, s′) describes the polarisation of
the EM fields and the propagating direction of the signal, and (e, h, s)
describes those of the LO light. In our set up, s = nd. ϕ is the angle
between s and s′

Combining (7) and (10), the sufficient statistic for
the demodulator of the CD LiFi system is:

y =
√
µs+ z (11)

where z ∼ CN (0, 1).

B. Field mismatching
In a coherent radio frequency (RF) system, the

downconversion of the signal happens after the sig-
nal is received by a receiving antenna. In a coherent
optical system, the downconversion happens simul-
taneously with the photomixing process, i.e. before
signal detection. Therefore, as previously stated, the
coherent optical system has stringent requirements
that the spatial phase and the polarisation of the
incident signal and those of the LO should match
perfectly.

In the case where field mismatching exists, the
equations describing the EM fields should be altered
to account for the spatial phase variations caused.
Since in practical applications the LO and the PD
are fixed at the receiver, we assume that the LO light
field is still vertically incident onto the detecting
plane with uniformly distributed power PLO, i.e. (3)
and (4) still stand. However, as the signal is now
mismatched, (1) and (2) should be altered.

We assume that the PD is small enough compared
to the transmission range, so that even when the
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signal is not vertically incident, the optical power
of the signal is still approximately uniformly dis-
tributed across the detecting plane. As the propagat-
ing direction of the signal is now different, the right-
hand triplet (e, h, s) should be replaced by another
triplet (e′,h′, s′). Denote the angle between s and
s′ as ϕ ∈ (0, π/2]. The relations of the mentioned
vectors and the angle ϕ are illustrated in Fig. 1.
Then, taking r = 0 as the reference point, the
spatial phase variation exp(−j2πs′ · r/λs) where
λs is the signal wavelength, should be introduced
[13]. Hence, equations describing the signal fields
are now:
• the electric field:

E′s(r, t) =
√
ZGPt

Ad
sejωste−j2πs′·r/λse′ (12)

• and the magnetic field:

H′s(r, t) =
√
GPt

ZAd
sejωste−j2πs′·r/λsh′ (13)

Using (5) to calculate the Poynting vector of the
total EM fields, it now becomes:

〈S(r)〉 =GPtA
2

Ad
s′ +

PLO

Ad
s

+

√
GPtPLO

Ad
sejωIFte−j2πs′·r/λse′ × h

+

√
GPtPLO

Ad
s∗e−jωIFtej2πs′·r/λse× h′

(14)
As can be seen from (14), when the incident

signal and the LO light are combined, the total
optical power distribution across the detecting plane
is no longer uniform, due to the spatial phase
variation. Therefore, the total power received by the
PD should now be calculated via integration across
the detecting plane:

Ptotal =

∫
Ad

<{〈S(r)〉} · nddS

= <{
∫
Ad

〈S(r)〉 · nddS}
(15)

where ‘·’ denotes the inner product of two vetcors
when two vectors are involved.

Noticing nd = s, s′ · s = cosϕ, and that both
(e, h, s) and (e′,h′, s′) are right-hand triplet, we have

(e′× h) · nd = e′ · (h× s) = e′ · e and (e× h′) · nd =
h′ · (s× e) = h′ · h. Substituting these two relations
and (14) into (15), we have:

Ptotal = GPtA
2 cosϕ+ PLO

+

√
GPtPLO

Ad
(e′ · e)<{sejωIFt

∫
Ad

e−j2πs′·r/λsdS}

+

√
GPtPLO

Ad
(h′ · h)<{s∗e−jωIFt

∫
Ad

ej2πs′·r/λsdS}
(16)

The values of the integrals in (16) depend on
the shape of the detecting area. In this study, we
consider the simplest case, where the detecting area
is circular with a diameter of dd = 2

√
Ad/π. The

centre of the circle is chosen as the reference point
r = 0. Then due to the symmetry, the two integrals
will have the same real value given by:

∫
Ad

e−j2πs′·r/λsdS = Ad
2J1(πdd sinϕ/λs)

πdd sinϕ/λs
(17)

where J1(x) is the first-order Bessel function of the
first kind. Substituting (17) back into (16), the total
received power by a circular detecting area is given
by:

Ptotal =GPtA
2 cosϕ+ PLO

+ 2γ0
√
GPtPLOA cos(ωIFt+ θ)

(18)

where γ0 is the photomixing efficiency given by:

γ0 =
2J1(πdd sinϕ/λs)

πdd sinϕ/λs

(e · e′ + h · h′)
2

(19)

It can be seen from (19) that |γ0| 6 11 and in the
case of perfect matching (e = e′, h = h′, and s = s′
or equivalently ϕ = 0), γ0 = 1. When γ0 < 0,
it can be interpreted as an extra phase of π since
γ0 cos(ωIFt + θ) = −γ0 cos(ωIFt + θ + π). Assume
this phase is compensated for by the OPLL, we can
replace γ0 with its absolute value:

γ = |γ0| =
2|J1(πdd sinϕ/λs)|
|πdd sinϕ/λs|

|e · e′ + h · h′|
2

(20)
where we do not cancel the factor 2 for bet-
ter presentation, as both (|e · e′ + h · h′|)/2 and

1For a proof of this, please refer to Appendix A.
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(2|J1(πdd sinϕ/λs)|)/(|πdd sinϕ/λs|) take value
between 0 and 1. With the field mismatching
present, the generated photocurrent now becomes:

i′p =RPLO +RGPtA
2 cosϕ

+ 2γR
√
GPtPLOA cos(ωIFt+ θ) + n

(21)

Here we would like to point out, that unlike
IM/DD LiFi systems where the receiver orientation
is accounted for by the DC channel gain G, in our
notation for the CD LiFi system it is accounted for
by the photomixing efficiency γ, as non-vertically
incident signals cause field mismatching. Again,
considering the shot noise limited condition, the
dominant component contributing to the shot noise
is still RPLO under previous assumptions, so the shot
noise power remains the same as that given by (9).
Compared to (7), it is easy to spot that the signal
power has been reduced by a factor of γ2. So the
SNR in the case of field mismatching is given by:

µ′ = γ2µ = γ2
2RGPt

qB
(22)

and the sufficient statistic now becomes:

y′ =
√
µ′s+ z = γ

√
µs+ z (23)

where still z ∼ CN (0, 1). If no signal is incident and
only the LO is on, then the photocurrent reduces to
RPLO and both (11) and (23) reduce to y = z.

The influence of field mismatching is fully ac-
counted for by the introduction of the photomixing
efficiency, γ. Examining (20), we notice that2:

|e · e′ + h · h′| 6 1 + cosϕ (24)

Hence, for a given ϕ and all possible polarisation
configurations, we have:

γ 6
(1 + cosϕ)

2

2|J1(πdd sinϕ/λs)|
|πdd sinϕ/λs|

(25)

Recalling (5) and (15), it can be seen that the
intermediate frequency (IF) component of the pho-
tocurrent can be equivalently calculated by:

iIF =
1

Z
<{
∫
Ad

E′s(r, t) · E∗LO(r, t)dS}

+ Z<{
∫
Ad

H′s(r, t) ·H∗LO(r, t)dS}
(26)

2For a detailed analytical proof, please refer to Appendix B.

Since the amplitudes of the fields are propor-
tional, some studies [4], [13], [14] are therefore
defining the photomixing efficiency as the following
expression (or its square put under the square root
in (21)):

γ′ =
|
∫
Ad

E′s(r) · E∗LO(r)dS|√
(
∫
Ad
|E′s(r)|2dS)(

∫
Ad
|E∗LO(r)|2dS)

(27)

where E′s(r) and ELO(r) are the spatial parts of
E′s(r, t) and ELO(r, t) respectively (omitting the ejωt

term). This widely used definition of the photomix-
ing efficiency, however, ignores the fact that e′ · e
is not necessarily equal to h′ · h when field mis-
matching exists, i.e. the two terms in (26) are not
generally equal 3. The definition used in this study,
γ, on the other hand, gives a complete account for
the mismatching effect. As a matter of fact, the
photomixing efficiency should be defined as:

γ =

|
∫
Ad

E′s(r) · E∗LO(r)dS + Z2
∫
Ad

H′s(r) ·H∗LO(r)dS|

2
√
(
∫
Ad
|E′s(r)|2dS)(

∫
Ad
|E∗LO(r)|2dS)

(28)
in general cases. The introduction of the correcting
term in (28) has never been reported before, to the
best of our knowledge. When the detecting area is
circular with diameter dd as previously assumed,
(28) reduces to (20).

Now we examine the upper bound of γ at a
given ϕ when the detecting area is circular, given
by (25). Assume the diameter of the detecting area
dd is several centimetres, and the wavelength of the
laser in the visible and the infrared spectra used
in coherent LiFi systems are between several hun-
dreds to approximately 1000 nanometres. Hence, the
magnitude of πdd/λs is at least around 10000. This
means that the J1(x)/x part would have multiple
zeros within the interval ϕ ∈ [0, π/2). Given the
angle between the propagation directions of the
signal and the LO ϕ, the upper bound of γ can
be easily calculated. An example for dd = 1cm and
λs = 1000nm is shown in Fig. 2. The calculation is
done using Matlab.

It can be seen from Fig. 2 that although γ fluctu-
ates around 0 as ϕ increased from 0 to π/2 because

3For proof of this statement, please also refer to Appendix B.
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Fig. 2. An example of the upper bound of γ given by (25) with
different ϕ. The part in the red box (0.3887 < ϕ < 0.3967) is
zoomed in. In this zoomed-in box, (25) without the absolute value
operation is plotted, instead of (25) itself, to show that the J1(x)/x
component in (20) and (25) crosses zero multiple times. Notice that
the y-axis in the figure is in logarithmic scale, while the y-axis in the
zoomed-in box has linear scale. Distances between adjacent samples
are 5 × 10−5rad in both the original figure and the zoomed-in box.

of the multiple zeros of J1(x)/x, it drops drastically
from 1 to around 10−6. The zoomed-in subplot in
the figure shows the multiples zeroes of γ in an
exampling small interval 0.3887 < ϕ < 0.3967, by
plotting (25) without the absolute value operation
instead of (25) itself (this difference is emphasised
by using a different colour in the subplot). The
mean value of the upper bound of γ for ϕ > 0 is
5.16×10−5. The expected SNR penalty4 is approxi-
mately 47.33 dB, if ϕ is uniformly distributed in the
interval [0, π/2). Reference [4] argues that a mini-
mum photomixing efficiency (defined as the square
of (27) in [4]) of 0.005% needs to be achieved
for the coherent system in their set-up to have a
receiver sensitivity gain over its direction detection
counterpart [4]. This is approximately equivalent to
a minimum efficiency γmin = 0.0071 (42.97 dB
SNR penalty) in our definition. With choices of
dd and λs as in Fig. 2, this requires approximately
ϕ < 9 × 10−4 rad (0.0516°). With this threshold
being so strict and γ being so small for ϕ > 0, the
CD system can be practically considered as non-
functional when the fields are not perfectly matched.
Therefore, from now on in this paper, we assume

4This is calculated by 10 lg(E[γ̂2]) where γ̂ is the upper bound
given by (25) and E[·] is the expectation. The logarithm converts it
to dB scale. The expectation is estimated by sample mean calculated
in Matlab.

γ ≈ 0 if the photomixing is imperfect.

III. CD SMX SYSTEM MODEL

SMX systems are, in their nature, MIMO sys-
tems. Due to the matching requirement of the co-
herent optical systems, the matching pattern be-
tween the transmitters and the receivers needs to
be specified before there can be any discussion
regarding the system. As the LOs are fixed at the
receiver side, it can be inferred that if one receiver
perfectly matches more than one transmitter, this
receiver must be equipped with more than one
LOs with different orientations. This is because if
there were more than one transmitter that perfectly
matched one receiver with only one LO, then the
said transmitters must have been deployed along
a straight line. In this case, signals from farther
transmitters would be blocked by nearer ones. If
they were not along a straight line, then multiple
beam altering components must have been used at
the said receiver to match the signals to the fixed LO
beam. Using more than one LO (and possibly more
than one PD) or extra beam altering components
at a single receiver would increase both the size
and the complexity of the system, which may not
be suitable for some practical LiFi applications.
For this reason, in CD SMX systems, we apply
the constraint that each receiver has only one LO
and one PD, and is perfectly matched to only one
transmitter; i.e. the matching pattern is one-on-one.
Under this assumption, it follows that the CD SMX
LiFi system is a N ×N MIMO system where N is
the number of transmitters/receivers. In this study,
we only consider N × N one-on-one-matched CD
SMX LiFi systems.

Meanwhile, we are assuming that the CD SMX
LiFi systems discussed in this study is based on
infrared (IR) laser with wavelengths between 700
nm and 5000 nm. The usage of the IR band in
light communication (LC) has been included in the
IEEE 802.11 Light Communications Amendment -
Task Group “bb”, namely the IEEE 802.11bb [16].
It has also been agreed in IEEE 802.11bb that
the 800 nm to 1000 nm band should be initially
used in LC as silicon based detectors typically
have peak responsivity in this band [17]. Using
IR laser also avoids possible issues raised by laser
illumination such as the speckle effect, which occurs
when a fairly coherent light is either reflected from

Coherent LiFi system with spatial multiplexing
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a rough surface or propagates through a medium
with random refractive index [18]. Therefore, we
consider the IR based LiFi system in this study.

A. System model

As previously stated, the CD SMX LiFi system is
a N ×N system. The SMX scheme is used, where
the N transmitters are simultaneously sending dif-
ferent data to the N receivers. We label the trans-
mitters and receivers with index i ∈ {1, 2, ..., N}
and without loss of generality, assume that the ith
transmitter is perfectly matched to the ith receiver,
i.e. the photomixing efficiency between them is
γi,i = 1. Each transmitter has the optical power Pt,i

and each receiver is equipped with one photodiode
(PD) with detecting area Ad,i, and one LO whose
beam is vertically incident onto the detecting plane
of the PD. The total LO power collected by the
the PD is PLO,i which is large enough. We make
PLO,i = PLO for all i, as when the LO power is
large enough it only affects the shot noise power
but not the SNR. This can be seen from (7) and
(9): both the signal power and the shot noise power
are proportional to PLO, so as long as PLO is large
enough, the SNR does not change with PLO. For all
receivers, the LO is placed close to the PD and its
beam is collimated, so that the PD of one receiver
can not receive any light from the LO of another
receiver. The light field of the LO and that of the
signal are perfectly combined by a beam splitter
without any losses.

For each pair of matched transmitters and re-
ceivers, we assume that they are located far enough
from each other so that around the detecting plane
the incident signal light can be approximated as a
plane wave. For LDs with a Gaussian beam pro-
file, this means that the transmission range should
be much larger than the Rayleigh range of the
source. For any pair of unmatched transmitters and
receivers, we assume the photomixing efficiency
between them is 0, following the discussion in Sec-
tion I.B. In other words, the photomixing efficiency
between the ithe receiver and the jth transmitter is
γi,j = 0, if i 6= j.

At the transmitter side, we assume all transmit-
ters use the same quadrature amplitude modulation
(QAM) constellation of size M (other forms of
modulation can be discussed similarly). Neglecting
the bandwidth limitations of the devices in the

LD

External

Power

Modulator

data
QAM

symbols

V1(t)

Diverging
External

Phase

Modulator

V2(t)

Fig. 3. Transmitting structure for a single transmitter.

system, the spectral efficiency is ηs = N log2M
bits/s/Hz. The bit stream to be transmitted is divided
into groups of length ηs. Each group forms a time-
domain symbol. In each symbol period, the ηs bits
are further divided into N sub-groups of length
log2M and each sub-group is mapped to a QAM
symbol si = Aie

jθi . The ith QAM symbol is to
be transmitted by the ith transmitter. The trans-
mitters are modulated by voltage-driven external
modulators [3], [5]. Two voltage signals, V1(t) and
V2(t), are generated, corresponding to the power
and the phase of the QAM symbols respectively.
V1(t) and V2(t) are then used to drive the external
power modulator and the external phase modulator
respectively. The modulated signal is then diverged
to provide a coverage. The transmitting structure is
shown in Fig. 3.

The channel is modelled as a flat single-tap
channel, as we neglect multipath effects. The re-
ceiver then decides, in each symbol period, which
constellation points are transmitted by the N trans-
mitters, to reconstruct the original bit stream. A
brief diagram showing the overall system structure
is given in Fig. 4.

In our previous discussions, the transmitted sig-
nals are represented by their field strength. The
relation between the field strength and the pho-
tocurrent is non-linear as seen in (7) and (21). In
order to obtain a linear relation, we do not consider
the actual wave form (field strength) of the signals
in our system model. At the transmitter side, we
consider the transmitted constellation symbols si; at
the receiver side, we consider the sufficient statis-
tic given by (11) or (23). Denote the transmitted
‘signal’ with a N × 1 vector x = [s1, s2, ..., sN ]

T.
The sufficient statistics at the receiver side can be
expressed by a N × 1 vector y. Based on previous
discussions, we have:

y = Hx + n (29)

Coherent LiFi system with spatial multiplexing
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Fig. 4. The CD SMX LiFi system structure. The transmitter side is
on the left of the dotted line and the receiver side is on the right. At
the receiver side, between the PD and the LO, is the power splitter
to combine the incident signal and the LO light. ‘Dem’ stands for
demodulator.

where H is the N × N equivalent channel matrix
whose elements are given by:

hi,j = γi,j
√
µi,j (30)

where γi,j is the photomixing efficiency between
the ith receiver and the jth transmitter, µi,j is the
SNR (averaged over all possible symbols in the
constellation) between the ith receiver and the jth
transmitter assuming perfect photomixing, for all
i, j ∈ {1, 2, ..., N}, and n is the noise vector,
whose elements are independent identically dis-
tributed (i.i.d.) complex standard normal random
variables (ni ∼ CN (0, 1) where ni is the ith element
of n). Recalling (22), it is easy to see:

µi,j =
2RiGi,jPt,j

qB
(31)

where Ri is the responsivity of the ith receiver
and Gi,j is the DC optical power gain between the
ith receiver and the jth transmitter. Recalling our
previous discussion on γi,j , the conclusion regarding
mismatching can be easily extended to the case
where multiple signals mix together with one LO,
by considering multiple fields instead of 2 in (5).
Similarly, only the matched terms will remain non-
zero. Therefore,

hi,j = δij
√
µi,j (32)

where δij is the Kronecker delta (1 for i = j and
0 otherwise). From now on, we denote µi,i = µi
for convenience. This means that the equivalent

photocurrent BPF

LPF

LPF

demodulated

symbol

cosωIFt

-sinωIFt

I input

Q input

Decision

Making

Fig. 5. Receiving structure for heterodyne receiving.

channel matrix H is diagonal. The results in (16) and
(21) can be easily extended to cases where multiple
laser beams are mixing, where the number of DC
terms is equal to that of the laser beams and only
the cosine terms corresponding to the photomixing
between two matched laser beams will be non-zero.
Under the previous assumption that the LO power
is large enough, the DC terms corresponding to the
signal lasers become negligible compared to the
one corresponding to the LO. Hence, even when
multiple transmitters are operating, our previously
derived equations on the SNR still stand. With the
one-on-one matching pattern and the channel matrix
H being diagonal, the proposed CD SMX system is
free from inter-channel interferences (ICI)5.

To calculate the sufficient statistics for demodu-
lation, a structure similar to a heterodyne receiver
is needed for each receiver. The photocurrent is first
filtered by a BPF to extract the IF component, and
then again down-converted by an electrical LO of
angular frequency ωIF and filtered by a low pass
filter (LPF). The quadrature component is acquired
by adding a π/2 phase to the electrical LO, and then
the electrical down-conversion and LPF filtering is
carried out. The two LPFs acquire the I input and
the Q input respectively which are used for decision
making to determine the transmitted symbol. A brief
diagram of this structure is given in Fig. 5.

In the CD SMX system, the matching pattern is
known to both the transmitter and the receiver side.
As the system is free from ICI, the N receivers
can demodulate the signals individually and then
combine the bits according to the indices of their
matched transmitters. The CD SMX system uses
a maximum a posteriori (MAP) estimator at each
receiver to demodulate the QAM symbol from the
sufficient statistic. To use the vector form as in (29):

x̂ = argmax
x∈X

py(y|x)px(x) (33)

5For a detailed explanation, please refer to Appendix C
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where x̂ is the demodulation result, X is the set
of all possible x, py(y|x) is the probability density
function (pdf) of y conditioned on x, and px(x)
is the pdf of x. In IM/DD systems which use
DC-biased optical orthogonal frequency division
multiplexing (DCO-OFDM), the temporal symbols
follow a Gaussian distribution [3], [19]. In CD
systems, the above MAP problem is equivalent
however, to solving the maximum likelihood (ML)
problem since all possible QAM symbols have the
same probability of being chosen (px(x) = 1/M ):

x̂ = argmax
x∈X

py(y|x) = argmin
x∈X
||y−Hx||2 (34)

IV. PERFORMANCES OF CD SMX LIFI

A. Theoretical analysis

Following (23), the pdf of y conditioned on x is
given by

py(y|x) =
1

(2π)N
exp(−1

2
||y−Hx||2) (35)

As the system is ICI-free, the demodulation at
each receiver can be considered independent. Each
receiver demodulates a QAM symbol within one
symbol period, so the system’s bit error ratio (BER)
is equivalent to the average of the BERs at all re-
ceivers. We consider the ith receiver as an example,
and calculate the pair-wise error probability (PEP)
to obtain its BER.

From previous discussions, yi ∼ CN (
√
µisi, 1)

where yi is the sufficient statistic at the ith receiver,
si is the transmitted QAM symbol from the ith
transmitter in this symbol period. The PEP of mis-
taking sj for si (j 6= i) is given by Pr(ŝi = sj|si) =
Pr(sj = argminS |y −

√
µis|2) where S is the set

of all QAM symbols.
We first calculate dsi(s1, s2) = |yi −

√
µis1|2 −

|yi −
√
µis2|2 where yi is conditioned on si. In the

notation of dsi(s1, s2) and in following equations,
the si in the suffix means ‘conditioned on si being
transmitted’. It is easy to see that

dsi(s1, s2) =

µi(|s1|2 − |s2|2)− 2
√
µi<{y(s1 − s2)∗}

(36)

As s1 and s2 are determinant and yi is complex
Gaussian, dsi(s1, s2) is also Gaussian with mean:

usi(s1, s2) =

µi(|s1|2 − |s2|2)− 2µi<{si(s1 − s2)∗}
(37)

and variance:

σ2
si
(s1, s2) = 2µi|s1 − s2|2 (38)

Combining the above results, it can be seen that
conditioned on si:

Pr(|yi −
√
µis1|2 > |yi −

√
µis2|2)

= Pr(dsi(s1, s2) > 0)

= Q(−usi(s1, s2)
σsi(s1, s2)

)

(39)

where Q(x) is the Q-function. When the SNR is
reasonably high, we would have Pr(ŝi = sj|si) =
Pr(dsi(s1, sj) > 0 ∧ ... ∧ dsi(sj−1, sj) > 0 ∧
dsi(sj+1, sj) > 0 ∧ ... ∧ dsi(sM , sj) > 0) ≈∏

16k6M,k 6=j Pr(dsi(sk, sj) > 0). Therefore, in high
SNR scenario, the PEP Pr(ŝi = sj|si) can now be
estimated by:

Pr(ŝi = sj|si) ≈
∏

16k6M,k 6=j

Q(−usi(sk, sj)
σsi(sk, sj)

) (40)

The error probability conditioned on si can be
directly estimated via:

Pr(ŝi 6= si|si) ≈ 1−
∏

16j6M,j 6=i

Pr(dsi(sj, si) > 0)

= 1−
∏

16j6M,j 6=i

Q(−usi(sj, si)
σsi(sj, si)

)

= 1−
∏

16j6M,j 6=i

Q(−
√
µi
2
|sj − si|)

(41)
The BER of the system can be calculated based

on the PEP given by (40). Denote the Hamming
distance between the QAM symbols s1 and s2 as
h(s1, s2), then when si is mistaken for sj , the error
ratio is:

e(si, sj) =
h(si, sj)

log2M
(42)

Averaging over all possible errors and all possible
transmitted QAM symbols, the BER conditioned at
the ith receiver is:

Coherent LiFi system with spatial multiplexing
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BER(i) =
1

M

∑
si∈S

∑
sj∈S,sj 6=si

h(si, sj)

log2M
Pr(ŝi = sj|si)

(43)
It can be seen that the term BER(i) is dependent

on µi and the bit labelling rule of the system.
Averaging over all receivers, the system’s BER is:

BER =
1

N

N∑
i=1

BER(i) (44)

In the simplest case where all transmitters use
the same bit labelling rule and all µi are equal, it is
easy to see that BER = BER(1) = BER(2) = ... =
BER(N).

B. Simulations
Using (44) to estimate the system BER involves

the calculation of M(M − 1) PEPs, which requires
even more calculations for us(s1, s2) and σ2

s(s1, s2)
from (37) and (38). This requires a lot of computa-
tions especially when M is large. In this study, apart
from calculating from (44), we also examine the
system’s performance using numerical simulations.

The numerical estimation of BER is evaluated by
Matlab simulations, using the Monte Carlo method.
A random bit stream is generated, and then grouped
to the transmitters and mapped to the QAM sym-
bols. The symbols are then used to modulate the
optical carrier, and the modulated signal is transmit-
ted, received, detected and demodulated to recon-
struct the bit stream. The reconstructed bit stream
is compared with the original bit stream to obtain
an estimation of the BER. The above procedure is
repeated many times while averaging the results, to
provide a more accurate estimation of the system’s
BER.

In our simulations, we are considering a simple
SMX scheme without any pre-coding or equalisa-
tion techniques. For simplicity of calculation, we
consider the simplest case, where all transmitters
have the same transmitting power Pt, all receivers
have the same detecting area Ad and responsivity,
and for any 1 6 i, j 6 N , Gi,j = G. Therefore,
we would have µ1 = µ2 = ... = µN = µ. We
are also considering the shot noise limited condition
(i.e. neglecting other noises such as the background
noise and considering only the shot noise and the
thermal noise), as in high SNR scenarios the shot

noise becomes dominant. The shot noise power is
calculated by (8), and the thermal noise power for
the coherent system is calculated by [20]:

σ2
t =

2kBBT

RL
(45)

where kB = 1.38 × 10−23 J/K is the Boltzmann
constant, T is the temperature in K and RL is
the load resistance. Please note [20, eq. (4)] is
written for the baseband IM/DD system while (45)
is written for the coherent system. The parameters
used in our simulations are listed in Table. I.

TABLE I
SIMULATION PARAMETERS

Parameter Notation Value
PD responsivity R 0.28 A/W [20]

Bandwidth B 40 MHz [20]
DC channel gain G -60 dB [3]

LO power (only for CD systems) PLO 10 dBm
Temperature T 295 K [20]

Load resistance RL 10 kΩ [20]
Transmitter/receiver number N 4

It is necessary to point out, that the 40 MHz
bandwidth in Table. I is the passband bandwidth of
the CD SMX system. The 20 MHz bandwidth used
in [20] is the baseband bandwidth of the IM/DD sys-
tem. In our study, by setting the passband bandwidth
to 40 MHz and the baseband bandwidth to 20 MHz,
we guarantee the same bandwidth consumption for
all compared systems.

We compare the proposed CD SMX system
with a CD SM (spatial modulation) system and
an IM/DD SM system, with the same number of
transmitters/receivers, DC channel gains, bandwidth
consumption and bit rate. As the IM/DD SMX
system usually suffers from ICI and its performance
is greatly dependent on channel conditions, we are
considering an IM/DD SM system instead. The
IM/DD SM system uses the DCO-OFDM scheme
with 1024 frequency domain subcarriers and the
same QAM constellation on each subcarrier. The
CD SM system uses the same system model as the
CD SMX system, except that it uses the SM scheme
where only one transmitter is active at any time.
The respective spectral efficiency in bits per sym-
bol of the 3 systems with N transmitters/receivers
and QAM constellation size M are given by [19]:
ηCD-SMX = N log2M , ηCD-SM = log2N + log2M ,
and ηIMDD-SM = log2N + 1

2
log2M .
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Fig. 6. BER comparison of CD SMX with CD SM and IM/DD SM
at the same spectral efficiency, plotted against total received signl
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Fig. 7. BER comparison of CD SMX with CD SM and IM/DD
SM at the same spectral efficiency, plotted against received electrical
SNR (for the SMX system, the SNR is the SNR at one receiver).

Therefore, in our simulation, in order to guarantee
the same bit rate at the same bandwidth consump-
tion, we choose N = 4 for all systems, and M = 4
for CD SMX, M = 64 for CD SM, and M = 4096
for IM/DD SM with DCO-OFDM, resulting in a
spectral efficiency of 8 bits per symbol. We also
ensure that all three systems have the same total
transmitting optical power, which means that each
transmitter of the CD SMX system is operating at
an optical power Pt/N if the CD SM system and
the IM/DD SM system are transmitting at power Pt.
The BER results are shown in Fig. 6.

In Fig. 6, the BER is plotted against the to-
tal received signal power; in Fig. 7, the BER is
plotted against the received electrical SNR (for the
SMX system, the SNR is defined by the average
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Fig. 8. BER comparison between CD SMX systems with different
bandwidth. As the benchmark IM/DD SM system is a baseband
system, the 20 MHz IM/DD SM system actually consume the same
bandwidth as the 40 MHz CD system.

SNR of each receiver. In our simulation set-up, all
receivers achieve the same SNR). It can be seen
that the proposed CD SMX system has superior
performance to both the CD SM system and the
IM/DD SM system. The red dotted line is the
theoretical results calculated with (40), (43) and
(44). As we pointed out when deriving (40), this
estimation is only valid for high SNR scenarios. The
theoretical results match closely with the numerical
results in high SNR scenarios. Compared to the
IM/DD system, the proposed system has a power
gain of over 30 dB and a SNR gain of about
10 dB. It can be seen that despite the receiver
sensitivity gain of coherent detection, the reported
large power gain is mainly due to the huge spectral
efficiency gain of the SMX scheme. With a much
smaller QAM constellation, the SMX scheme can
achieve a satisfactory BER performance at a lower
SNR and received power. Compared to the CD SM
system, the proposed system achieves a gain of
approximately 7 dB around a BER of 10−3. This is
also due to the spectral efficiency gain by using the
SMX scheme. Our proposed novel system is able
to exploit the full potential of the SMX technology,
as the system is ICI-free because of the matching
properties of coherent optical systems.

The LDs used for the CD systems have a wider
bandwidth than LEDs. We also compare CD SMX
systems with different bandwidths (bit rates) while
keeping other parameters and conditions the same,
as presented in Table. I. We include the results for
the IM/DD SM system as a benchmark, as they
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usually have different bandwidths. The results are
shown in Fig. 8.

From Fig. 8, it can be seen that the proposed CD
SMX system can achieve a better BER performance
than IM/DD SM systems with a higher bandwidth.
Among CD SMX systems, the conclusion can be
drawn that the smaller the bandwidth, the better the
BER performance. This is easily understood, as a
larger bandwidth results in a larger noise power.
Comparing the 20 MHz IM/DD SM system with
the 250 MHz CD SMX system, we can see that a
gain of over 20 dB is achieved. This means that
the proposed CD SMX system is able to provide
a higher data rate with a smaller bandwidth, and
therefore becomes desirable for next generation high
speed communications.

V. CONCLUSION AND FUTURE WORKS

In this study, we firstly addressed the field mis-
matching in coherent detection. We gave a full
account of the influence of polarisation and phase
mismatching by introducing a correcting term into
the existing formulae, which has never been pro-
vided before to the best of our knowledge. We
then proposed a novel structure, the CD SMX
scheme which combines the SMX and the coherent
detection technologies, of LiFi systems. Due to the
matching requirement between the signal and the
LO in coherent detection, the proposed CD SMX
system can easily achieve a diagonal channel matrix
by fixing the LOs and restricting the number of LOs
at each receiver to one. In this case, the system is
free from ICI. The system provides both a spectral
efficiency gain by SMX and a receiver sensitivity
gain by coherent detection.

The BER performance of the proposed system is
evaluated via both theoretical analysis and computer
simulations. Numerical results for the simple sce-
nario where each receiver receives the same optical
power, are obtained via Matlab using the Monte
Carlo method. Compared to the CD SM system,
the proposed system achieves a large spectral ef-
ficiency gain which results in a gain of around 7
dB. Compared to the DCO-OFDM based IM/DD
SM system, our proposed system achieves a con-
siderably large power gain of over 30 dB and a
SNR gain of about 10 dB, due to the significant
gain of receiver sensitivity by the coherent receiver
and the spectral efficiency gain by SMX over SM.

However, the total power consumption of the CD
SMX system increases linearly with the number of
transmitters/receivers. In the comparison of systems
with different bandwidth, it is demonstrated that
the proposed CD SMX LiFi system is able to
outperform its IM/DD SM counterpart even when
the CD SMX LiFi system has larger bandwidth (bit
rate). This makes the proposed system desirable for
next generation high speed communications.

This is our first work on CD SMX systems. In
the future, we will study the system under various
channel conditions. We will also study the possi-
bility of adapting variations of MIMO techniques
that have been used in IM/DD systems into coherent
LiFi systems, and their respective performances.

APPENDIX A

We now prove |γ0| 6 1 given by (19). As the
vectors in (19) are all unit vectors (as defined), it
can be seen that (e · e′ + h · h′)/2 6 (1 + 1)/2 = 1.

The first term involves the first-order Bessel func-
tion of the first kind, and the minimum of it is
equivalent to that of 2J1(x)/x for any real number
x. For x = 0, it is defined as:

2J1(x)

x

∣∣∣∣
x=0

, lim
x→0

2J1(x)

x
= 1 (A1)

For integer n, Jn(x) has the following recurrence
relations:

2nJn(x)

x
= Jn−1(x) + Jn+1(x) (A2)

d
dx
[
x−nJn(x)

]
= x−nJn+1(x) (A3)

So, letting n = 1, we have 2J1(x)/x =
J0(x) + J2(x) and (2J1(x)/x)

′ = 2J2(x)/x where
‘(2J1(x)/x)′’ is the derivative of 2J1(x)/x.

As 2J1(x)/x is even, we only need to consider
x > 0. Let its derivative be 0, we know that the
local extrema of 2J1(x)/x along the non-negative
real axis coincides with the non-negative zeros of
J2(x) (including x0 = 0 as 2J2(x)/x → 0 when
x → 0). Denote these zeros of J2(x) as x0 = 0 <
x1 < x2 < ... < xk < ..., (k ∈ N ). According to
recurrence relations, the local extrema of 2J1(x)/x
takes values in J0(xk) as J2(xk) = 0. We now
consider the integral representation of J0(x):

Coherent LiFi system with spatial multiplexing

13



14

J0(x) =
1

π

∫ π

0

cos(x sin τ)dτ (A4)

As the integral in (A4) is real-variant and real-
valued, also noticing the fact that | cos x| 6 1 for
any real x, we can see |J0(x)| 6 1. Therefore,
the values at the local extrema of 2J1(x)/x fulfil
|2J1(xk)/xk| = |J0(xk)| 6 1 = |J0(x0)|.

As the value of J1(x) is finite and J1(x) → 0
when x→∞, we know that J0(0) is not only a local
maximum for 2J1(x)/x, but also a global maximum
for |2J1(x)/x| as well, i.e.:∣∣∣∣2J1(x)x

∣∣∣∣ 6 1 (A5)

Combining the two terms, we reach the conclu-
sion that |γ0| 6 1.

APPENDIX B

We prove (24) in a Cartesian coordinate system.
Without loss of generality, let s = (0, 0, 1) and write
e = (cosφ, sinφ, 0) and h = (− sinφ, cosφ, 0)
for some φ ∈ [0, 2π). At a given ϕ, let s′ =
(sinϕ, 0, cosϕ), without loss of generality and for
simplicity of calculations. Then, the plane expanded
by e′ and h′ is given by plane equation x sinϕ +
z cosϕ = 0.

Write e′ = (sinα cosϕ, cosα,− sinα sinϕ)
where α ∈ [0, 2π), then it satisfies e′ ⊥ s′ and
|e′| = 1. Hence, h′ is given by h′ = s′ ×
e′ = (− cosα cosϕ, sinα, cosα sinϕ). Then, we
have e · e′ = cosφ sinα cosϕ + sinφ cosα and
h · h′ = sinφ cosα cosϕ+ cosφ sinα.

It is now clear that e · e′ and h · h′ are only equal
when ϕ = 0 or sin(φ − α) = 0. So, |e · e′ + h ·
h′| = (1 + cosϕ)| cosφ sinα + sinφ cosα| = (1 +
cosϕ)| sin(φ+ α)|.

Since | sin(φ + α)| 6 1, it is now easy to spot
that (24) holds true, i.e. |e · e′ + h · h′| 6 1 + cosϕ.
The ‘6’ becomes ‘=’ when sin(φ + α) = ±1, or
equivalently φ+ α = π/2 + kπ (k = 0, 1, 2, 3).

APPENDIX C

In Appendix C, we explain the ICI-free property
of the proposed CD SMX system.

The IM/DD SMX system would suffer from ICI
because it uses direct detection, so the light/signal

coming from all transmitters could possibly be re-
ceived by a single receiver (as long as the signal falls
within the field-of-view (FOV) of the said receiver).

The proposed CD SMX system is however free
from the ICI because of the photomixing process.
At a certain receiver, it is still possible that the
signal coming from an unmatched transmitter falls
within the FOV of this receiver, but this signal
is not matched to the LO at this receiver. The
results in (14) can be easily extended to the case
where n signals (including the LO light) are mixing:
there would be n terms corresponding to the self-
mixing of the n signals, and n(n − 1) cross terms
corresponding to the mixing between any 2 different
signals.

When n signals are present, the Poynting vector
of the total field would now be:

〈S〉 =
( n∑
k=1

Ek

)
×
( n∑
k=1

H∗k
)

(C1)

where Ek and Hk are the electromagnetic fields of
the kth signal. We expand the summations in (C1),
and we can categorise the terms into two kinds: the
self mixing terms Ek×H∗k, and the cross terms Ei×
H∗j where i 6= j:

〈S〉 =
n∑
k=1

Ek ×H∗k +
∑

16i6=j6n

Ei ×H∗j (C2)

All the unmatched cross terms will be approxi-
mately zero for their poor photomixing efficiencies.
So only the n self-mixing terms and the 2 matched
cross terms (corresponding to the matched signal
and LO lasers) would remain non-zero, i.e. there
would be n DC terms and 1 cosine term in the
photocurrent expression, excluding the noise terms.
The photomixing of multiple simultaneous signals
would only result in increased DC power, provided
that the matching pattern is one-on-one. In other
words, the proposed CD SMX system is ICI-free,
assuming γi,j ≈ 0 where i 6= j.
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