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Abstract—In this paper, we introduce a detection technique 

based on differential signaling scheme for outdoor free space 
optical communications. This method requires no channel state 
information (CSI) and does not suffer from the computational 
load compared to conventional receivers, where adjusting 
dynamically the detection threshold level (either based on CSI 
knowledge, or by using pilots) leads to increased computational 
time and reduced link throughput. This paper shows that the 
performance of the proposed technique only depends on the 
correlation of propagating optical beams. Especially under highly 
correlated-channels condition the fluctuation of the detection 
threshold level in the receiver is significantly small. We also show 
experimentally that under weak turbulence regime the variance 
of detection threshold level reduces for the correlated channel. 
 

Index Terms—Optical communication; free space optics 
(FSO); adaptive threshold detection; channel estimation; 
atmospheric turbulence. 
 

I. INTRODUCTION 
HE received signal in free space optical (FSO) 
communication systems is highly sensitive to the 

atmospheric effects such as fog, smoke, low clouds, snow, rain 
and the atmospheric turbulence (AT)  [1-4] that may result in 
severe power loss and channel fading. In non-return-to-zero 
on-and-off keying (NRZ-OOK) intensity-modulation/direct-
detection (IM/DD) systems, an optimal detection threshold 
level (DTL) at the receiver can be used to distinguish the 
received '0' and '1' bits. However, under AT, the FSO link 
experiences fading, which can cause the received signal power 
to drop below the receiver's threshold for milliseconds at a 
time, thus leading to the random fluctuation of the optimal 
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DTL. Since these optical power fades are often very deep, 
simply increasing the transmit power 𝑃! and using a fixed 
optimal DTL in this case would not be effective [2]. 

Most already-proposed detection methods rely on the 
knowledge of instantaneous or statistical CSI. For instance, to 
resolve the fluctuation of DTL, in [5] the maximum-likelihood 
sequence detection (MLSD) scheme was adopted, and it was 
shown that provided the temporal correlation of AT 𝜏! is 
known MLSD outperforms the maximum-likelihood (ML) 
symbol-by-symbol detection technique. In practical 
applications 𝜏! ≅ 1 − 10 ms; then, to maximize the link 
performance, 𝜏! needs to be adjusted dynamically. In addition, 
MLSD suffers from high computational complexity. In [6] two 
sub-optimal MLSD schemes, based on the single-step Markov 
chain model, were proposed to reduce the receiver 
computational complexity; however they still require CSI 
knowledge. By pilot symbol (PS) assisted modulation 
(PSAM), assuming that 𝜏! is known, CSI is acquired by 
inserting some PS to the data [7]. However, obtaining an 
accurate-enough instantaneous CSI necessitates a non-
negligible pilot overhead. Recently an ML based sequence 
receiver, requiring no prior knowledge of CSI or channel 
model was proposed in [1] with the capability of dealing with 
various fading conditions. However, the system suffers from 
high implementation complexity. In order to use in 
commercial FSO products, it is desirable to employ low 
complexity signal detection with simple data framing and 
packetization to ensure infrastructure transparency [8]. 

In outdoor FSO links, differential signaling (DS) was used 
in [9] to remove the effect of background noise. Also the same 
idea was adopted in [2] that used a pre-fixed optimal DTL for 
various atmospheric channel conditions (rain, AT, etc.). The 
detection technique did not relied on CSI (with increased 
computational load at the receiver) and PS or a training 
sequence [2]. However, their simulation based investigation 
only considered narrow collimated beams without overlapping 
and with no experimental verification. 

In this paper, at first we introduce a detection technique 
based on DS that requires no CSI or a high computational load 
at the receiver. Then, we will show that under correlated-
channels condition, the proposed DS scheme can deal with the 
variations of optimal DTL in turbulent channels. We also 
verify the analytical findings by experimental values. The rest 
of the paper is organized as follows.  Section II describes the 
concept of differential signaling. Section III discusses the 
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experimental campaign and results and section IV concludes 
the paper. 

II. DIFFERENTIAL SIGNAL TRANSMISSION 
The proposed system block diagram is depicted in Fig. 1. 

The NRZ-OOK signal 𝑆 ∈ 0,1  and its inverted version 𝑆 are 
used to intensity modulate two optical sources (OSs) at 
wavelengths of 𝜆! and 𝜆!, respectively. By comparing 𝑆 to the 
optimal DTL 𝑆!!!"#! = 𝐸 𝑆  where 𝐸 ∙  denotes expected 
value, one can retrieve the original data bits (i.e., bit is 0 for 
𝑆 < 𝑆!!!"#! and 1 elsewhere). Note that the optimal DTL for 𝑆 
is also 𝑆!!!"#!. The output intensities Ii  (i = 1,2) of OSs are 
given by 
𝐼!
𝐼!

= Γ! 0
0 Γ!

𝑆
𝑆  (1) 

where Γ! denotes the electrical-to-optical conversion 
coefficient of OSs. The outputs of OSs are then passed 
through a beam combiner (BC) to ensure that both beams will 
be transmitted over the FSO channel of length 𝐿. Note that the 
BC is only used for alignment and not for combining signals 
in the optical domain. The optical signals 𝒚 at the receiver end 
are given by 
𝑦!
𝑦! = ℎ! 0

0 ℎ!
Γ! 0
0 Γ!

𝑆
𝑆  (2) 

where ℎ denotes the channel response including the effect of  
geometrical and atmospheric losses, pointing errors, and the 
AT. For simplicity, let us only consider the effect of AT. The 
optical signal is passed through a 50/50 beam splitter (BS) and 
optical filters (OF) with the centre wavelengths of 𝜆! and 𝜆!, 
prior to being collected by an optical receiver (OR). The 
generated photocurrents are amplified by transimpedance 
amplifiers (TIA) with outputs given by 
𝑣!
𝑣! = !

!
ℜ!𝐺!h!Γ! 0

0 ℜ!𝐺!h!Γ!
𝑆
𝑆 +

𝑛!
𝑛!  (3) 

where ℜ! is the photodetector (PD) responsivity, 𝐺! is gain of 
TIA, 𝑛! is the additive white Gaussian noise (AWGN) with the 
zero mean and variance 𝜎!,!! . The combined output 𝑣! = 𝑣! −
𝑣!is given by 
𝑣! =

!
!
Γ!ℎ!ℛ!𝐺!𝑆 −

!
!
Γ!ℎ!ℛ!𝐺!𝑆 + 𝑛! − 𝑛! (4) 

A sampler sampling at the centre of bit duration and a 
threshold detector are used to regenerate the transmit data. 
From (4), the optimal DTL for 𝑣! is given by 
𝑉!!!"#! =

!
!
𝑆!!!"#! Γ!ℎ!ℛ!𝐺! − Γ!ℎ!ℛ!𝐺! + 𝑛! − 𝑛! (5) 

We have [10]  
Mean 𝑉!!!"#! = Mean ℎ! −Mean ℎ!   (6a) 
Var 𝑉!!!"#! =
Var ℎ! + Var ℎ! − 2𝜌!,! Var ℎ! Var ℎ! + 2𝜎!! (6b) 

where Mean ∙  denotes the average and Var(.) introduces the 
variance. Here, 𝜌!,! is correlation coefficient between the 
channels (i.e., ℎ! and ℎ!). For simplicity, we set Γ!ℛ!𝐺! =
2 𝑆!!!"#! and 𝜎!,!! = 𝜎!,!! = 𝜎!! in (6). For the weak AT 
regime ℎ! follows the log-normal distribution with mean and 
variance 𝜇!,! and 𝜎!,!! , respectively [10]. For log-normal 
distribution Mean ℎ! = exp 𝜇!,! + 𝜎!,!! 2  and Var ℎ! =
exp 𝜎!,!! − 1 ×exp 2𝜇!,! + 𝜎!,!!  where 𝜇!:! = −𝜎!,!!  [11]. 

Therefore, 
Mean 𝑉!!!"#! = exp − 𝜎!,!! 2 − exp − 𝜎!,!! 2  (7a) 
Var 𝑉!!!"#! =
2 − exp −𝜎!,!! − exp −𝜎!,!! −

2𝜌!,! 1 − exp −𝜎!,!! 1 − exp −𝜎!,!! + 2𝜎!! (7b) 

Since optical beams are in parallel and propagating very 
close to each other over the channel , then both beams will 
experience the same AT affects (i.e., 𝜎!,!! ≈ 𝜎!,!! ). Considering 
this approximation, we obtain 
Mean 𝑉!!!"#! = 0, (8a)  
Var 𝑉!!!"#! = 2 1 − 𝜌!,! 1 − exp −𝜎!,!! + 2𝜎!! (8b) 

Therefore, to recover the transmit bit stream, the optimal 
DTL should be set to 0. This is similar to the work in [2] with 
the difference that the authors did not take into account the 
variance of the detection threshold in (8b), which results from 
AT. However, for 𝜌!,! = 1 (i.e., the highly correlated 
channels), we have Var 𝑉!!!"#! = 2𝜎!!. In other words, AT 
does not impact signal detection. According to [12],  in the 
weak AT regime 𝜌!,! can be expressed in terms of the 
transversal distance between the receiver apertures 𝑑! and the 
spatial coherence radius 𝜌!. Here, with parallel optical beams 
propagating over a line-of-sight (LOS), 𝑑! is in fact the 
distance between the propagation axes of beams. Thus the 
correlation coefficient between channels takes the form of [12] 

𝜌!,! = exp − !!
!!

! !
  (9) 

where for a plane wave propagation model 𝜌! is given by [13] 

𝜌! = 1.455 !!
!

!
𝐶!!𝐿

!! !
 (10) 

where 𝐶!! (in unit of m-2/3) is the refractive index structure 
coefficient, which gives an indication of the AT strength [11]. 
From (9), for 𝑑! 𝜌! ! ! > 5 channels are considered 
uncorrelated 𝜌!,! < 0.007 whilst for 𝑑! → 0 we obtain 
𝜌!,! → 1. So, by adopting a small 𝑑!, we can obtain highly 
correlated channels and, as a result, use an optimal DTL 
independent of AT. In the next section we will outline the 
experimental work for the proposed system given in Fig. 1. 

 
Fig. 1.The system block diagram to implement DS in correlated-channels conditions. 𝑇 is the bit duration. 
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III. EXPERIMENTAL MEASUREMENTS 
According to proposed scheme in Fig. 1, we have 

developed an experimental setup to evaluate the performance 
of the proposed method by generating the conditions of both 
uncorrelated (i.e., 𝜌!,! = 0) and correlated (i.e., 𝜌!,! → 1) 
channels as depicted in Fig. 2. Snapshots of the setup are also 
shown in Fig. 3. The laser beams from OSs (Fig. 3(a)) were 
launched into a chamber of length 6 m, emulating an outdoor 
uncorrelated FSO channel (Fig. 3(b)). We denote the incident 
and reflected ray paths by PATH1 and PATH2, respectively 
(see Fig. 2). Based on the theory of beam propagation through 
a random medium we determined the minimal transverse 
coherence distance 𝑑!", to ensure uncorrelated received 
signals. Values of 𝑑!" were derived from measured 
distributions of the thermal structure parameter 𝐶!! (obtained 
from 𝐶!!) along optical beams according to [14]. Alternatively, 
an expression for beam separation can also be set by the 
scintillation anisoplanatic distance [15]. In PATH1 OSs were 
spaced apart by a minimum distance of 𝑑! > 5 mm to ensure 
uncorrelated fading conditions (i.e., 𝑑! 𝜌! ! ! > 5). An 
adjustable mirror positioned at the other end of the chamber 
was used to increase the path length by reflecting back the 
beams. The reflected beams indicated by PATH2 in Fig. 2 
were kept as close as possible to each other to ensure high 
correlation between the two paths (note that PATH2 in Fig. 2 
corresponds to FSO channel in Fig. 1). Heater fans were used 
to generate AT in the chamber, see Fig. 2. To measure 𝐶!!, we 
used the method of thermal structure parameter (based on 
temperature gradient measurement) as in [16]. The 
temperature gradient was measured using 20 temperature 

sensors positioned along the chamber, see Fig 3(b). At the 
receiver end the reflected beams passed through a 50/50 BS 
and were applied to two identical PIN PDs after OFs, see Figs. 
2 and 3(a). The outputs of PDs were captured using a real-time 
digital storage oscilloscope for further processing by 
MATLAB®. 

We first investigated the effect of AT on the uncorrelated 
path within the chamber. The reflected beams (i.e., PATH2) 
were passed through a pipe positioned within the chamber. 
The pipe ensured that propagating beams inside it did not 
experience any AT, see Fig. 3(b). Similarly, we investigated 
the effect of AT on the correlated path by isolating the 
uncorrelated channels (i.e., optical beams in PATH1 
propagating through the pipe), see Fig. 2. We set the 
amplitudes of S and 𝑆 in order to ensure that both received 
electrical signals 𝑣! and 𝑣!, have the same amplitude of 
~300 mV, which is equivalent to Γ!ℛ!𝐺! = Γ!ℛ!𝐺! criterion. 
Table I shows all the key parameters adopted in our 
experiment. 

The measured mean and standard deviation of 𝑉!!!"#! 
(indicated by Mean and Var respectively) as well as 𝐶!! 
values for correlated and uncorrelated channels are 
summarized in Table II. As predicted from (8a), for both 
uncorrelated and correlated conditions the measured mean 
value is zero. However, the variance of 𝑉!!!!"! is reduced in 
correlated channels case, which is in good agreement with 
8(b). Fig. 4 shows an image taken from the oscilloscope 
screen illustrating how signals 𝑣! and 𝑣! for correlated 
channels are affected under the same AT conditions. Note that 
AT strength and the laser modulation index in Fig. 4 were 
deliberately set  to relatively small values in order to better 
illustrate correlation between 𝑣! and 𝑣!. We would expect to 
obtain Var ≈ 2𝜎!! from our measurements. However, 
given the rms noise of OR in Table I, the measured Var in 
Table II is different from the predicted value of 2𝜎!! =

  
(a) 

 
(b) 

 

Fig. 2 Block diagram of the 
experimental setup. 

Fig. 3 Experimental setup snapshot: (a) transmitters and receivers at one end of 
the chamber and (b) atmospheric chamber with temperature sensors to measure 
temperature gradient, and a pipe to isolate either PATH1 or PATH2 from the 
turbulence conditions in the chamber. 

Fig. 4 Original (𝑣! in yellow and top) 
and inverted (𝑣! in green and bottom) 
signals captured on the oscilloscope. 

 
 

TABLE II SUMMERY OF THE EXPERIMENTAL MEASUREMENT RESULTS 
Channels condition Mean (mV) √Var (mV) 𝐶!! ( m!! !⁄ ) 𝜌!,! 
Uncorrelated (dark 

room) 0.0 43.4 
5.11×10!!! 0.08 

Uncorrelated (lit 
room) 0.0 45.5 

Correlated (dark 
room) 0.0 12.9 

5.21×10!!! 0.72 
Correlated (lit room) 0.0 12.9 

 

TABLE I THE EXPERIMENTAL SETUP PARAMETERS 

 
Parameter Value 

Data rate NRZ-OOK 100 kbps 
Chamber length 𝐿 6 m 

L
in

k 
1 

Optical transmit power 10 dBm 
Divergence angle 9.5 mDeg 

PD responsivity ℛ! 0.3 A W⁄  
Wavelength 𝜆! 830 nm 

L
in

k 
2 

Optical transmit power 3 dBm 
Divergence angle 4.8 mDeg 

PD responsivity ℛ! 0.4 A W⁄  
Wavelength 𝜆! 670 nm 

 OR noise rms !𝜎!! 1.5 mV 
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2.1 mV. This difference can be due to imperfect correlation 
between channels in PATH2 and the fact that two (not very 
close) wavelengths of 670 and 830 nm  we used could lead to 
dissimilar 𝜎!!. For a plane wave propagation in a AT channel 
𝜎!! is given by [11] 

𝜎!! = 0.3075 !!
!

!
! 𝐿

!!
! 𝐶!! (11) 

Also another term called Rytov variance 𝜎!! = 4𝜎!! can be 
used to indicate the strength of AT [15]. In our experiment 
σ!! ≈ 0.17, which corresponds to weak AT regime [15].  

To qualify the requirement for using light sources with very 
close wavelengths, let us take the derivate of (11) with respect 
to the wavelength, which gives ∆𝜎!! = !

!𝜎!
! Δ𝜆 𝜆! where 

𝜆! = 𝜆! + 𝜆! 2 and Δ𝜆 = 𝜆! − 𝜆! . Using the rule of 
thumb, to have ∆𝜎!! 𝜎!! < 0.1, we should have ∆𝜆 𝜆! <
0.09. Note that in our experiment, the accuracy limit of (8b) 
does not apply perfectly (as we have ∆𝜆 𝜆! < 0.21, which 
corresponds to a maximum wavelength deviation of 160 nm 
around the central wavelength of 750 nm). Using measured 
signals we estimated 𝜌!,!, which are presented in Table II. The 
estimated 𝜌!,! (for the correlated case) are relatively high but 
do not correspond to the ideal case of 𝜌!,! = 1. Other effects 
that could lead to inaccuracy of the measurement were the 
noise associated with the oscilloscope and the vibration of the 
whole setup. However since we intended to demonstrate only 
the difference between uncorrelated and correlated situations 
and during the entire measurement the same setup was used, 
these effects are not critical in the final conclusion. In addition 
to closer wavelength and spatially closer beams, From (10) it 
is evident that longer transmission spans will lead to larger 
values of 𝜌!, which in turn helps to achieve a highly 
correlated-channels condition (i.e., 𝜌!,! → 1) [17]. 

In [9], a similar DS-based technique was proposed to reduce 
the effect of background noise in the received signal. We 
carried out the above experiment in both dark and fully lit 
environments (with ambient light power level of −45 dBm 
and −18 dBm, respectively), see Table II.  We notice a 
negligible difference between the results in these two cases. 
This testifies that under the experimental conditions that we 
carried out the measurements, the background noise was not 
the dominant. Thus reduction in Var values is due to the 
theory explained in Section II rather than a reduction in the 
background noise level. 

IV. CONCLUSIONS 
The paper proposed a detection technique based on 

differential signaling that does not require CSI at the receiver, 
thus no pilot overhead or any noticeable increase in the 
receiver computational complexity. Using the derived 
analytical expression of the variance of the detection 
threshold, it was shown that the fluctuation in the optimal 
DTL highly depended on the correlation between the 
propagating optical beams. Thus the proposed technique is 
attractive when we can establish highly correlated FSO 
channels. This deduction was validated by means of 
experimental investigations under uncorrelated and correlated 

conditions. Also it was discussed that to achieve a high 
correlated-channel condition, closer wavelength, spatially 
closer beams and longer transmission distance are critical. 
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