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Abstract: Optical wireless communication (OWC) systems can exhibit high percentage
availability, yet suffering from frequent intensity fades caused by turbulence effects and
pointing errors. The intuitive method to character the link is using commercial bit error rate
testers (BERT) by measuring the output sequence of the receiver, which provides limited
information. Thus we propose the algorithms for measuring the outage and synchronization
performance, bit error rate (BER), throughput, and fading statistics. The inputs consist of
decoded data sequence and received optical power. Both the bit level and packet level
measurements are presented. Then a fading characterization tester (FCT) having these
functions is implemented based on a field programmable gate array (FPGA). Our indoor
experiment reveals the measurement accuracy of the FCT by comparing the measured
results with the derived theoretical ones. Another 1.9 km OWC experiment is also carried
out. These measured results by FCT are presented, which can not only measure the OWC
link, but also help the researchers to improve the system performance, such as the design
of error correction approaches like forward error correction, the design of packet based
network protocols.

Index Terms: Free space communication.

1. Introduction

Optical wireless communication systems are rapidly developed, because its tremendous band-
width, security, license-free operation, etc [1]-[3]. The intensity modulation and direct detection
(IM/DD) system has more simplicity to implement, while the coherent modulation has the ability
of achieving higher data rates [4]-[7]. NASA’s Lunar Laser Communication Demonstration (LLCD)
mission has made a great success in 2013, where the optical link was achieved between the lunar
orbiter and its ground segment (LLGT) with the data rate of 622Mbps [8]. Future plans for the next
generation earth relay optical communications have been designed, where the space to ground
links from optical relay satellites will have the ability of processing data with the rate of 100Gbps [9].
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Despite the bright future, there are also some inevitable challenges hampering the system
performance when transmitting through the atmosphere. Due to the eddies with different sizes, the
turbulence channel would lead to intensity’s scintillation and phase’s perturbation in the receiving
end [10]. The optical link also suffers from the inter-symbol interference (ISI). The optical path
differences resulting from fractions can bring about different timing delays at the receiving lens,
which causes ISI [11], [12]. The ISI also leads from synchronization errors, which always occur in
the OWC links with high mobility [13]. Besides, additional outage events can be incited by pointing
errors [14], [15].

When evaluating the link, researchers always use BER as the common evaluation index. To
be employed in the practical systems, some FPGA-based BERTs have been designed. Y. Fan
proposed a scheme for BER testing by FPGA that consisted of a BER tester (BERT) core and
an additive white Gaussian noise (AWGN) generator core [16]. In Ref. [17], a BERT with fiber
interfaces was depicted. In a point-to-point serial optical link setup, BER versus receiver sensitivity
of an optical link was measured. A quasi-analytical method was proposed to estimate the BER for
the complex communication system, based on the Best Linear Approximation (BLA) model to deter-
mine the signal-to-distortion ratio [18]. Ref. [19] has proposed an optimal logarithmically-symmetric
confidence interval estimator for the ratio of BER estimates derived from two negative binomial
tests. Negative binomial sampling can be recommended for comparison experiments where BER
is the key metric. However, the performance of traditional BERT is not as good as the AWGN
channels for OWC systems, due to the frequent fades are caused by these factors illustrated above.
For example, let’s consider a single 3 ms fade event occurs during the test period. We assume that a
packet is considered lost if arbitrary errors happen in this packet. Considering a case that the packet
length is 1us, only 3000 packets are lost. During the measurement of 1 s, the packet throughput
is 99.9995%. If the 3 ms fade is dispersed into several 0.03us fades uniformly across each 1us
packet, the throughput turns to 99.83%. However, the two cases have the same BER results, while
their throughputs are not the same. Besides, the BER results vary versus different measurement
periods, but the fading events are unchanged. For example, the BER is equal to 3 x 102 over 1
second, and turns to 5 x 10~° over 1 minute. That is to say, conventional BERT does not have the
ability to character the fading channel. To the best of the authors knowledge, only a few literatures
developed the special BERTSs for the optical fading channel [20], [21], whose architectures were
both based on FPGA. Ref. [20] proposed a device able to measure BER distribution, it can help
to design efficient error correction scheme for optical links. In Ref. [21], a custom BERT has
been designed that can disambiguate the effects of fade induced errors on channel throughput,
where real time bit-level analysis of BER was also evaluated. BER was chosen as the threshold to
determine synchronization status. It can be considered as the optimal threshold in the scheme of
ISI-free system. But it's not the case when the IS| introduces an inevitable degradation.

Motivated by these literatures, the main purpose of paper is to present an approach to evaluate
the optical fading channel objectively and comprehensively with the name of FCT, which can be
implemented by FPGA fabric. The FCT can be either integrated in digital receiver or performance
as a stand-alone test instrument. Different from current literatures, it has the ability of evaluating
the outage and synchronization performance, BER and its distribution statistics, throughputs of the
bit level and packet level, the error-free histograms and fading histograms. The main contributions
of the FCT are listed here. First, the FCT conceives of both BER and the received power as the
threshold of the outage declaration. In this way, the hamper of ISI can be intuitively measures. With
the results of BER and throughput, the maximum effective information transmission rate of the
link can be measured then. Moreover, the optimal packet length can be determined, according to
the error-free and fading histograms and packet level throughput. Besides, forward error correction
(FEC), automatic repeat-request (ARQ), or other diversity techniques can be optimized or designed
according to the results of BER distribution and fading histograms. In addition, this paper derives
the theoretical expressions of outage probability, BER and its distribution, mean fading time, which
conform the indoor experimental results. Another field trial with the distance of 1.9 km has been
carried out. The first measurement results are presented. It needs to be mentioned that some
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TABLE 1
Main Variables and Their Brief Definitions

Name Paraphrase Name Paraphrase
Bg;)n bit level sync status for the i-th group Né’ut,N({ut outage counters in bit or packet level
Féi)f, Fﬁ;)n error free or sync status for the i-th packet Pe(k’N) BER for the i-th group with N bits
fh(fi),fp(3 (P.) | PDF of channel gain h or BER P. Pe in threshold for outage determined by BER
Fron (hyh') joint PDF of h and its time derivative P. isi,P, ;,;| BER with or without ISI
Heiff error-free histograms for ¢._ ¢ P{?ut, P(ful,’ outage probability when I < I}, or P. >
. Pein, I > Ity
Hf{l‘;d fading histograms for ty.q Pout total outage probability
Iin power threshold for outage events P transmitting power
le—f,lfad number of groups for time t._for tfqq T;’;‘;”’" mean fading time
Ne_y,Nfaa counter of error-free or fading packets tradste—f unit for error-free or fading measurement
Ne_sn threshold of error-free bits for sync state @21), (—);fgc throughput for bit or packet level
e A
Received :r“"““"“-"E —
. N A/D F :
O)ptm& >E ' s H S‘;::.e | Throughput Tesung‘
r [ H Ll =
Power Do o Test Test Results PC
i Amp. ]
: {Someror 4 R d
Highspeed Ethernet oL
Baseband i Sre(n) Interface &
Input Bit Syne. u Post-
) - 1 Parameter| Process
nghspefil Local b’m‘(';) Caleulation Scttings
Baseband Sequence
-
Output )

Fig. 1. The structure diagram of FCT.

theoretical expressions are derived that describe the outage performance, BER and its distribution
and mean fading time.

The remainder of this paper is organized as follows. We depict the structure of the FCT in
Section 2, as well as corresponding algorithms given in pseudo code diagrams. In Section 3, some
theoretical expressions are derived, where the expressions in Sections 3.1-3.3 are corresponding
to the parameters measured by FCT in Section 2.1-2.3 respectively. The indoor experiment and
corresponding results are described in Section 4.1, while the field trial is illustrated in Section 4.2.
In the end, conclusions are drawn in Section 5. For brevity, the variables used in this article are
summarized in the Table 1. Note that the superscripts o/ denote the theoretical results of the
variable e, while the superscripts o™ represent the measured results of the variable e. The e in
the subscript represents the threshold. The integer o!) in the superscript stands for the measured
result for the i-th group. Besides, the super scripts % mean the parameters set by the users.

2. System Structure & FCT

The purpose of designing the FCT is to measure the optical communication link quantitatively and
accurately. The structure of the FCT is given in Fig. 1. As a whole, the FCT has two main input
interfaces, which are the optical signal input and the high-speed baseband input, respectively.
The former is responsible for counting the power characteristics of the received optical signal. It
may connect a fiber coupler, which splits a little energy from the received optical signal. In this
way, a negligible loss can be made on the photoelectric conversion progress for the receiver. The
high-speed baseband input is responsible for evaluating the features of the OWC link. It should
connect to the output of optical receivers, where the decoded data are transmitted serially. In the
sequel, the FCT can be utilized in the cases of different modulation formats.

To implement the FCT in the FPGA, the utilized FPGA needs to have the ability of processing high
speed baseband signals. We choose the FPGA from Xilinx 7 series Family. As depicted in Fig. 1,
the left part is the FPGA-based main body, while the right part is the host PC calculating the results
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Fig. 2. The sync-in and outage judgment mechanism.

transmitted from the left part through an Ethernet link. The directed arrows denote the information
transmission. The parameters in the main body can also be set up through this link. As mentioned
in Section 1, the FCT has four critical functions, which are calculating the BER, evaluating the
throughput, analyzing the outage and synchronization performance and computing the fading
statistics, respectively. The corresponding modules are the green part (BER Calculation Module,
BCM), purple part (Throughput Test Module, TTM), blue part(Frame Synchronization Test Module,
FSTM), maroon part(Fading Test and Error-Free Test Module, FETM) in Fig. 1. Their details are
illustrated in the next subsections. It needs to mention that the Bit Synchronization Module (BSM) is
established on the basis of the FPGA gigabit transceiver core. Beyond these modules, the dashed
rectangle denotes the Optical Sampling Module (OSM) recording the optical power. Thanks to the
log-amplifier after the PIN photodiode, a large dynamic range can be achieved. Due to the fact that
coherence time has the magnitude of millisecond, we may choose the analog to digital converter
(A/D) with the sampling frequency f, of several million samples per second. We define I(k) as the
k-th received power sample.

Its also found in Fig. 1 that s, (n) represents n-th bit of the baseband input signal after bit
synchronization progress. Without loss of generality, the pseudo-random binary sequence (PRBS)
is a common choice as the data source. We can benefit a quick synchronization from its sharp
autocorrelation function. The n-th bit s,,.(n) of error-free PRBS data can also be created by the
Local Sequence Module (LSM), which performs as a control group for BER calculation module.

2.1 Synchronization and Outage Measurement

To begin with, the synchronization and outage mechanisms are defined. The sync and loss-sync
states are evaluating the packet level, while the bit level synchronization state is determined by
the BSM. In this paper, we take the BER as the main judgment criteria for the sync or loss-sync
decision. Besides, the received power contributes an auxiliary indication for the loss-sync determi-
nation. This will be a wise choice especially for the case of FSO channel with tough ISI, where we
may notice the BER is rather unacceptable while the received power is fine.

Fig. 2 shows the switching conditions between sync and loss-sync states. With current loss-sync
state, the next state will change into sync state if continuous N, bits are error free, i.e. satisfying
Sre(n) = Sioc(n). That is to say, the state will remain loss-sync if the number of continuous error-free
bits are less smaller than N,_¢;, such as the case in the middle of Fig. 2. Note that the values of
Ne_; tn should be chosen carefully, which will be discussed in the Appendix. Small N,_; ;, will lead to
avoid state switching frequently, while large N,_¢, wastes more time in determining the states. Due
to the original state is loss-sync, the LSM would take s,.(n) as the seed source, and try to produce
local synchronous sequence. If the subsequent output s;,(n) acts vastly different from s,¢(n), the
LSM will update the seed source in the same way until it meets the sync condition. It’s noticed that
the initial state should be the sync state during the measurement.

The previous sync state will become the loss-sync state (i.e. outage state) if the group BER
result P*Y exceeds the loss-sync threshold P, where PV denotes the BER results of the k-th
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TABLE 2
Pseudo-Code in FSTM

1 | Initialization: B() =0,F%) =0,Nt,, =0,NJ,, =0,N,. =0

2 | for k= 1: Nipop

3 if T(i)< I”L

4 Update N2, = N2, +1; Set Boyn =0, Fsyn = 0;

5 else Enter the bit level sync sa.te i.e. Bg;)” =1;

6 end if

7 Calculate PN) = sum {s;e (n)! = 8100 (n)} /N, n = (i = 1) N +1,(i — 1) N 4+ 2, ...,iN;
8 it F{}), =0

9 lf[P(lN) P§L+1N) "'7Pe( te—f T IN]:O

10 Set FSWn =

11 else Update Nj wt T 1; end if

12 | else itF(), = 1&BUA ~ P in

13 Set F =0, Update Nye = Ny + 13

14 end if

15 end for )

16 | Output PLT = N2yo/Nigop: PLE™ = NLo/(Nioy — N2 {FSD™ ) N2

group with N bits. If the received power lower is than receiver's sensitivity k,, an outage event
will be also declared. This also saves the unnecessary BER calculations. We define two kinds
of outage probabilities on the basis of the two criteria. P5, = P(I(k) < kn) is assumed to be the
outage probability caused by channel fading. For convenience, Py, is the complementary value of

representing the synchronization probability. P:2 = P(P, > Py, | > k) is calculated in order to

OUt’ out —

evaluate the influence by ISI.

For brevity, the pseudo-code form describing the procedure for the FSTM is given in Table 2.
The essential variables are explained below. The grouped BER A" has the length N = N5, BY),
is the indication of the bit level synchronization (1 or sync, and 0 for loss-sync) for the i- th group.
Similarly, the F\)) denotes the synchronization indication for the packet level. —plx — left — Iceile]
denotes the rounded up function. N2, and N/, represent the number of packet with loss-sync state
in the bit level and packet level, respectively. N, denotes the number of re- synchromzahon times in
the packet level. Overall, the output of FSTM is summarized as P2, PLoms £O-™ and N,

Note that two main parameters N,_;;, and N can determine the probablllty of false synchroniza—
tion events and false outage events. Either event can lead to error propagation, which restricts the
measurement accuracy. The selection principles of which are given in the Appendix, such that error

propagation can be ignored.

2.2 BER and Throughput Analysis

This subsection discusses the calculation progress of BCM and TTM. The BCM compares the two
input s.(n) and si,:(n), and records the discrepant bit percent and exports the relevant message
to the neighboring modules. After achieving the grouped BER P“"), the FCT defines F") as the

sign whether the k-th group is error free F“) = 1 or not £*) = 0. The statistical distribution s, (P.) of
grouped BER could also be obtained. It's also mentioned that the group length N can be modified
by the Host PC dynamically.

The TTM has the ability of calculating the throughputs in the bit level ®, and packet level ® 5. The
above mentioned throughputs are defined as the number of correctly transmitted bits (or packets)
per unit time. That is to say, the package is considered as not correctly transmitted even with a
single wrong bit. The bit level throughput ®, can be calculated by the taking the average of e,

where the superscript i denotes the result for the i-th group. Note that the ®f,’) is equal to 0 when
the i-th group has the bit state of loss-sync. The pseudo-code form presenting the procedure for
the BCM and TTM is given in Table 3.

2.3 Error-Free and Fading Statistics

The two main features of FSTM are illustrated in this subsection, which are evaluating error-free
histograms H,_; and fading histograms H;,4, respectively. The error-free mechanism is recapitulated
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TABLE 3
Pseudo-Code in BCM and TTM

1| Iitialization: ©, = 0,000 = 0, {F*, } = 0;
2 | for i= 1: | Nioop/N|
3 Calculate P?‘ N) = sum {sre (N)! = si0c (n)} /N,
n= z—l)N+1Ng —1)N +2,...,iN;
4| i Buyn = 16P
5 Set B, = 1;
6 else )
7 SetFeif =0;
8 | endif
Output @g)'ms = I:Bgy)" ==1|7 [1 — mean {PC("N)}] : 0,
9 .
Opue = sum (ij_) ) /Nioop - N,  fp.°(Pe) = Histogram PN,
A
3.56us 1.44us

SNR

or
SINR

Error Free Histogram counter with ¢, = 1115

Fig. 3. The diagrammatic sketch of calculating H,

TABLE 4
Pseudo-Code of FSTM Measurement

1 Initialization:Ne_y = 0, Njg4q = 0, i = 0;
2 for i= 1: [ Nioop/le—7]
il p—1
3 lf[F(_f7F(l+1)7 . Fc(if f )] -0
4 Update Ne_y = Ne—y + 1;
5 end if
6 end for
7 for i= 1: [ Nicop//lfadl
() pl+D (i+taa—1)
8 if [F§ g Fsyn ' Foyn ]=0
9 Update Nfad = Nyaa+ 1i =14 lfaa;
10 end if
11 end for
Output H, be— f = Ne—s le—f/ Nioop,
trad: s
12 Hf{z(cll =Nfad - lfadf/Nloopy
s b ad ™S
T;ZZ“" e — mean{Hf{;; 1

in Fig. 3. Assuming f,_ to be the error-free time to be analyzed, the corresponding error-free group
length should be equal to l,_s = t,_¢/(N - Tp). For the i-th group with the lengh of /,_¢, the error-free
counter N,_; will increased by one, if all the bits in this group are error-free. As shown in Fig. 3,
the first three group has the status of error-free, and N,_; increases continuously until the fourth
group. Note that the bits involved calculations start at the beginning of 5us for the sixth group rather
than the 4.8us, even the error-free status returns at 4.8us. The histograms of H,_; can be obtained
by choosing sufficient numbers of different t,_;. It's also assumed that Hé‘*jf denotes the error-free
probability with the group length t,_;.

Similar as the error-free statistics procedure, i,y and Ny, are also defined, as well as lpy =
trag/(N - Tp). Hf;ag is also supposed to be the fading probability with the group length t,4. The
histograms H;,y can be achieved by collecting several measurements with different t,,. In the
progress of fading calculation, the mean fading time T.77#" can be also measured. The pseudo-code
of FSTM measurement is given in Table 4.
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3. Theoretical Analysis

In order to verify the validity of the FCT, this section deduces the theoretical expressions for
the measurement results. It will be depicted in Section 4.1 that the indoor experiment results
behave consistently as the theoretical results. The analyses in this section have the same order of
Section 2, which are outage performance, BER and throughput, fading statistics, respectively. Note
that the FCT can be applied in different modulation schemes. This section only focus on the IM/DD
circumstance due to the simplicity for experiment implementations.

3.1 Outage Probability

This subsection deduces the outage probability in the IM/DD OWC link without or with the ISI. In
the ISI-free case, the received photoelectric signal y out of photo-detector can be modeled in Eqg. 1.

y=n-h-x+n (1)

where x represents the data signal choosing from x € {0, 2R.Ry}. h denotes the channel gain. P is
the mean transmitting power. R, = 1/T, stands for the data rate. n denotes the responsivity.

On the basis of Ref. [15], [22], the turbulence channel encompasses the atmospheric turbulence
and Rayleigh pointing errors, with the PDF shown in Eq. 2.

_ aBp? 30 aBh 2
fh(h)_AO'h/F(Ol)F(ﬁ)G1'3(A0'h/ 02—170‘_1’/3_1) @)
(ap:a1sa2""vap)

where Gp'y (x| ) is the Meijer G function. & and 8 represent the effective numbers

(bg=b1, b, -, by)
of large and small scale turbulent eddies, respectively. I'(e) is the Gamma function. Ay denotes the
maximum fraction of the collected power in the receiving lens. p = w205 represents the ratio
between the equivalent beam radius w,e, and the displacement standard deviation os.

Seeing that the noise n has a Gaussian distribution with the variance of o2 and mean value of
zero. According to the definition of P2, the theoretical expression of P%{" can be deduced from the
integral operation of Eq. 2, shown in Eq. 3.

2 I o I B
P = e[ p(228) 1 - @) + o (3o ) Tl - £)A)
G
+apT(a— pA)T(p ﬁ(%) - aﬂF(a)F(ﬁ)] @3)

The function A(z) is illustrated in Eq. 4, and; F>(e) stands for the Hypergeometric function.

A(Z)=1F2<z;2+1,(—1)’”(z> (—a+B+1); _aBhy )

"Ay-h R
z aBhn
1 w(2) _ 2. -1 @ (2) (_ 1 _ 2 1- 4
T T R e R e IR
. . . 1, z=«
where @ (2) is the selection function w (z) = {O Z=p

As stated in Section 2, the P:? will not be equal to zero, when IS exists. In accordance with our

previous work, the ISI can be brought from timing errors [14], [15]. We consider this scene, where
the timing error & obeys the Gaussian distribution with zero mean and variance of 052. The SINR
nPIPRE(1-1%1)

7 can be calculated by T N

Assuming that the outage threshold is y;,, we can deduce the
pl:btheo jeading from &.

out
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00 2 1— 2R /n2H2 P2 h
Prit"™ = E[P[7, h > hn/P]] = abe erf yinn R/ G?g( = )dh,
/A Ao - AT () T (B) V20: (1+ vin) AV
(5)

where erf(e) denotes the Gauss error function.

By summing the probabilities in Eqg. 3 and Eq. 5, the theoretical outage probability can be derived
in Eq. 6. Note that the synchronization probability can be easily obtained by the linear operation of
ptheo and p2IMe0 Therefore, the no ink will be wasted here describing the derivation process.

out out
ngfo 05,3'02 /Oo erf 1-— J/thU,?Hb/ﬂthPtz G:;,,g( aph )dh
Ao - hiT () T (B) | Jiym V20 (1 + vin) “\Ao-h

¥ ﬂ(,‘;‘lﬁ';g) (6 — A (@) +al 22T e — HA(E)
aBhn\”
+aprie = -0 (3op) - aﬁl“(a)l“(ﬁ)} ©

3.2 BER and Distribution
In this subsection, the case with or without ISI are debated. Then the closed form of BER’s
distribution is also derived under the circumstance of no ISI. Due to the fact that expressions of
throughput can be simply deduced from the BER result, the deducing progresses are not mentioned
here.

The theoretical expression of BER without IS is analyzed first. The instantaneous SNR y can be

deduces as y = 1 P . On the basis of the h's PDF in Eq. 2, the BER expression P’ is derived

in Eq. 7.
- [O(W)] -lo(t % )]

Lﬁz G!5 M‘anuguﬁo
967 (a)r(B) | >2 \ 0?p2Rpo?

2 220 2 2
1,5 [ 32n2P2AZ
+3Gs; <3a2ﬂzﬂban2

M1_a2_a1_52_ﬂ0__> (7)

In the case of ISI, the issue of timing error & is considered. With the SINR 7 mentioned above, the
expression of BER with ISl is obtained in Eq. 8. During the derivation, the Gaussian-Hermite poly-
nomials are utilized. w; and x; denote the roots and the weights of i-th-order Hermite polynomials,
respectively. Q(e) represents the Q-function.

R =E[a(v772)| =Ex [Q (UUJ% f gn fhgo)Pt )}

2
wtp1, 2 10 8n2P2A2(1 — V20:x
2 n Gl5 t o 3
S wlel
01296 (@)T(B) 55y | 7 | Row?B02 + 8v200xn2P2AZ

2
32R2R2AZ (1 — V20:x)
3Rye2 202 + 32+/20: xiR2 P2 A

+ 3G ®)
The distribution of BER is deduced as follows. It needs to be mentioned that the case of BER

with ISl is so complicated to get the closed-form PDF. Therefore, we discuss the distribution of
BER without ISI. We will start with the Cumulative Distribution Function (CDF) Fr(p). Noting the
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difficulty in deriving the inverse function of the Q-function, we use the approximation instead, which
is Q(x) = % - %tanh(ux +vx%). u and v can be considered as constant values. Thus the inverse

function is deduced as Q~'(x) ~  sinh[{sinh™" (v - tanh™' (1 — 2x))], where r and v are deduced
from pand v, i.e. T = 2(u/3v)"2, v = 1/2v(u/3v)~%/2. Therefore, the CDF Fp(p) is derived in Eq. 9.

Fo(p) = P[P < pl ~ P[h> Q- (C’”C )}
n-r

~1—F |:r sinh [%sinh1 (u -tanh™" ( O;';\/; ))H , (9)

where F,(h) denotes the CDF of h.
The PDF of BER can be obtained by taking the derivation of Eq. 9, which is

e (Pp) = %} {1 -k |:r sinh [%sinh1 (u -tanh™" <1 — 2:’{?!&)]“

-1

oz,BnP,o <_a,,2Fbe92>
T A hT (@ (BlovAs P\ 22p2
R
-GYY (Ao hlrsmh [ sinh™" <u -tanh™" (1 — 27{;%))}) : (10)

3.3 Mean Fading Time

The derivation of mean fading time is depicted in this subsection. The mean fading time can be
calculated by the expected number of fades per unit time N*he" and outage probability Pyy;. N”’f" is
defined as the number of negative (or positive) crossings of a prescribed threshold hyy,. In order to
derive fo’heo the joint PDF of the channel gain h and its time derivative ' is defined in Eq. 11.

fow (h, 0) = fa(h) - fiy (H]h) (11)
According to Ref. [23], the conditional PDF f, (h'|h) can be modeled as Gaussian distribution.

1 n?
) = —— e ).
v (#1h) 2+/275/2\/he2o? Xp( 872¢3 hzh>

where ¢, denotes the quasi-frequency. o is the variance of h.
By assuming hiy = /P, N”’e" can be derived in Eq. 13.

hY% 770‘.3,0 €00 G390 o Bhn /02
Ay -hT ()T (B) 3 \Ay-h-R[p* =1 a—1 p—1
(13)

Therefore the mean fading time .7 is deduced, given in Eq. 14, which can be considered
as a function of h,. For the ISI free case, the integral term can be abandoned.

(12)

{1 oo
Nitrg,eo = 5/7 |h’| < fhw (/mPt, h’) dh =

—1
T mean.theo _ 1 3,0 o Bhn p2
fad V2me,o, W\ Ay-h-Rpe=1, a—1, -1

_ fm orf 1 — yino2Re/n? P P? Gs,o( apBh )dh
13\ 2 - h
/P v20; (1 + yin) o-h
apBln apBln

b hp ) Tl = BAB)

)*T(B — a)A(a) +

+ B(

+ afl(a — p?)T(B — p?)( ) - aﬂl"(a)l“(ﬁ)} (14)
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MM
‘modulator

4. Experiment Performance

In this section, two experiments are illustrated. The purpose of the first indoor experiment is to verify
the validity of the FCT. It will be found that the experimental results behave virtually identically as
the theoretical expressions deduced in Section 3. Another field experiment is finished, and the
results of FCT are also reported.

4.1 The Indoor Verification Experiment

In the indoor experiment, the arbitrary wave generator (AWG, Tektronix AWG70002 A) is the data
source producing the PRBS sequence, where ISI can be chosen optionally. The data rate is set
to be 10 Gbps. After modulated by the Mach-Zehnder modulator (MZM), optical modulation signal
enters the space, with the help of the transmitting lens. The receiver couples the collected signal
into a multimode fiber. The turbulence channel is simulated by the atmosphere scintillation playback
system (ACPS), where the data of channel gain would be transmitted from another host computer
by the Ethernet interface. It can attenuate the input optical signal dynamically ranging from 0 dB to
30 dB, with the minimum time resolution of 1us. Either the input or output interface of the ACPS is
multi-mode FC/PC fiber. The northeast side of Fig. 4 shows the received power. The pseudo-color
bar indicates that the channel gain are consistent with the theoretical distribution in Eq. 2. During
the indoor environment, we simulate the turbulence channel with @ = 2, 8 = 1 for strong turbulence,
and « = 4, 8 = 2 for weak turbulence. The fading channels caused by pointing errors are simulated

with the parameters of Ay = erf( V17B/2) =0.0198, wzeq = 2.0105,05 = 0.2 (i.e. p =5.0263). The

theoretical variance of normalized optical power is equal to 1;—52(05*‘ +A o BT+ ) =
0.9492(« = 4,8 =2) or 2.1187(a¢ = 2, 8 = 1), while the collected power fluctuation is equal to
0.9495(0 = 4,8 =2) or 2.1193(e¢ = 2, B = 1), which ensures that the experimental results are
consistent with the theoretical values in Fig. 5 and Fig. 6. The optical receiver exports the baseband
signal to the FCT. An optical spliter is used to provide 10 percent of the received optical power to
the FCT.

The performance of outage probability, BER and mean fading time are arrayed in Fig. 5(a)-5(c),
respectively, which has the same order as Section 3. These three figures have one thing in
common that the theoretical results are almost exactly consistent with the experimental ones, which
describes the measurement accuracy. It could be found from Fig. 5(a) that the outage probability
Py is larger than P(ffj, in the case of ISI. Large ISI can degrade the performance seriously, which
explained again the necessity of combining BER and received power as the outage criteria rather
than only using power or only using BER.

The instantaneous BER is furnished in Fig. 6(a), while the Fig. 6(b) furnishes the distribu-
tion of BER. Fig. 6(a) shows that the worse BER has larger probabilities, which is caused by
the distribution of h. There are also two intervals where BER are not calculated. It's because
the two intervals have the packet states of loss-sync. It's mentioned that Fig. 6(b) only listed
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0.5
% Instantaneous Pf’”“m = Average BER
x X .
& 0.4
& .
— 0.3 By Experimert—By Theo. Eqg. (10)
S
=
é 0.4
o
4
GF MR e S | 0.
10 . . . . 0
0 1000 2000 3000 4000 5000 1E-3 1E-4 1E-5 1E-6 1E-7
ample BER P.
(a) Grouped BER (b) Distribution of BER

Fig. 6. Grouped BER and its distribution.

the histogram with BER ranging from 10~ to 10~3. And the theoretical distribution in Eq. 10 needs
to be normalized by the sum of the probabilities in this range.

4.2 The Field Measurement Experiment

An OWC experiment of 1.9 km is illustrated in this subsection. Then relevant results are revealed,
where the algorithms stated in Section 2 are employed. Fig. 7 integrates the scene of transmitting
end and receiving end, as well as their locations. The wavelength is chosen as 1550 nm. The
ambient temperature changed from —3°C to 8°C. The wind during the experiment came from
southwestern direction with the wind speed ranging from light air to moderate breeze(i.e. 0.1 m/s
to 7.5 m/s). The variance of collected optical power ranged from 0.37 to 2.52, which indicated the
turbulence covered weak and strong conditions. We choose PRBS10 as the data source with the
rate of 2.5 Gbps, whose feedback polynomial is x'° 4+ x” 4 1 = 0. For tracking the received beam, a
fast steering mirror (FSM) is utilized at the receiver according to the output of the quadrant detector
(QD). The input of QD is part of the received beam with the split ratio of 1%. The values of F;5,, I,
Ngé, are set to be 1073, —33 dBm, 1E4, respectively.

Fig. 8(a) depicts the outage probabilities where the outage criteria is combining P, and I(k). The
outage performance is also listed as a control group triggered by /(k). The vertical discrepancy of
the markers with the same transmitting power reveals the outage crippled by ISI, i.e. P;;‘,’. It proves
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Fig. 9. Synchronization performance in bit and packet level.

the need of recording received power and the BER simultaneously. A period of 16 ms instantaneous
sample of BER and received power are compared in Fig. 8(b). It could be found that the BER and
received power are in correspondence with each other in the time domain.

Fig. 9(a) illustrates the synchronization percent Fj;;, while Fig. 9(b) reveals the corresponding
status in the bit and packet level. With the transmitting power to be 0 dBm, the average sync percent
Py is 82.6%. The fading events have occurred for 62 times with the duration of 50 seconds.

Besides, it could be obtained from Fig. 9(b) that l-'s(y’,),”"s ought to be zero when the corresponding

BﬁQ,;’"s is zero, but it's not necessarily in the contrary case. It can be explained in this way that the
received power lower than [, will bring about the loss-sync states occurring in the bit level, also
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in the packet level. The loss-sync states caused by ISI in the packet level even when the received
power exceeds the sensitivity.

Fig. 10(a) and Fig. 10(b) reveal the throughput in the bit level and the packet level, respectively.
It can be seen from Fig. 10(a) that the average throughput ©7° is 0.919 x 2.5 = 2.2975 Gbps. That
is to say, the maximum available rate is 2.2976 Gbps.The data with larger rates cannot achieve
a correct transmission. As a whole, there are three outage events which are the 107-th sample,
108-th sample, and the period between the 169-th sample and the 312-th sample. Both of the first
two outage events are less than 0.1 ms. The third outage event has a fading interval of 14.3 ms.
Different packet throughput ®77; are listed with various packet lengths. The experiments with kinds
of variances of the received power are measured in different weather. It can be revealed from
Fig. 10(b) that the packet length is suggested to be smaller than 1 ms in order to achieve throughput
larger than 0.9.

The fading histograms H;,y and error-free histograms H,_; are illustrated in Fig. 11(a) and
Fig. 11(b), respectively. According to Fig. 11(a), most fading events have the time smaller than
10 ms. What's more, no fading exceeds 100 ms, where the longest fading time is 24.3 ms.
The mean fading time is 2.7 ms, while the mean time between fades is 67.8 ms. These fading
data can provide evidences for the channel for design the mitigation of the fluctuations, such as
suitable interleaving depth or suited packet length in ARQ scheme. With this method, the redundant
processing time can be saved, as well as the hardware resources. It can be also obtained that
probability of fading with the length of 10 ms always maintains larger than 0.1% even with sufficient
transmitting power. By comparing Fig. 11(a) and Fig. 11(b) with the transmitting power of 10 dBm,
the fading probability of 0.1 ms is almost complementary to the error-free probabilities smaller than
0.1 ms. That is to say, the coherence time has the magnitude of 0.1 ms, which is verified by the
optical power results that the coherence time is 0.17 ms. The optimal packet length should have
the similar magnitude.
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5. Conclusion

In this manuscript, we have proposed and demonstrated the principle of a FCT, as well as the
implementation based on FPGA. The FCT has the ability of obtaining the outage and synchroniza-
tion probability, where both the BER and received optical power are considered as the threshold.
In this way, the degradation brought by ISI can be evaluated. The BER and throughput are also
derived in the bit level and the packet level. Besides, the error-free and fading statistics can be
obtained. In order to verify the effectiveness, we carry out the indoor experiments, whose results
are virtually identical with the theoretical expressions of outage probability, BER and its distribution,
mean fading time. Then a field trial of 1.9 km has been conducted to character the fading channel,
where corresponding results and analyses are illustrated. The main purpose of the designed
FCT is not only to evaluate the link objectively and comprehensively, but to improve the system’s
performance according to the measurements, such as designing optimal packet based network
protocols, formulating the efficient FEC or ARQ schemes, setting suitable interleaving depth.

Appendix

As illustrated before, our main switching strategy of sync-in and sync-out is comparing the packet
bit error rate Pe("'N) and the threshold P, ;. If the false synchronization event happens, the error
propagation will lead to make the BER measurement inaccurate. For the PRBS sequence created
by L-order registers, the sharp autocorrelation function has only two values, which are 1 and 1/(2- —
1), respectively. Thus it's almost impossible that false synchronization events happen caused by
incorrectly aligning the sequence. As a result, we need only consider the case that continuous N
bit are error free but the mean BER F, is worse than the threshold P, ;. The number of error bits
Nerr in @ packet length of N,_; 4, bits follows the Poisson distribution, given in Eq. A1.

exp (_Ne—f,th ' Pe)

T (N 1 1) (A1)

P(Nerr) = Ne—f,th R

Thus the probability of N,,r = 0 can be derived as P(Ne;r = 0) = -Ps - exp(—Ng_141 - Pe). We need
to choose N._;4 large enough to make sure the P(Nr = 0) is sufficient closed to 0, when P,
is worse than P,;;. Consider the derivative function given in Eq. (A2), N_s¢, larger than 1/P,
makes P(Ne,, = 0) become a monotonically decreasing function. In this sequel, for any arbitrary
current P, larger than P, s, the event that continuous N,_;, bits has error free status can have a
smaller probability than the situation of P, = P 1y. As a result, we may choose N, ¢, larger than
1/P. » to achieve a more convincing result, which also prevents the synchronization state switching
frequently.

d

d_PP(Nerr = O) = Neff,th (1 - Neff,th : Pe) - €Xp (_N . Pe) (A2)
e

In terms of the false outage event, N has to be large enough for the packet BER Pe(k‘N) close
enough to the actual BER P,, though the packet BER Pe“"N) is the unbiased estimation on the actual
BER P,. Herein we introduce § as the confidence level denoting the probability of actual BER P,
smaller than the P, ;. By adopting the binomial theorem, Eq. A3 gives us a hint about the chosen
of N.

o & (N Poy)”
N = " [—In(1 —8)+1n (; m)} (A3)

where N, denotes the error number in the N bits. For calculation convenience of N, we can ignore
the second item in Eq. A3. For example, at least N = 4605 bits need to be measured in order to
have a 99.000% confidence level for the BER threshold P, = 1073,
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