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Abstract—To enable visible light communication (VLC) for
mobile receivers, we design and prototype a wide field-of-view
(FOV) optical receiver with off-the-shelf components and in forms
that are conformal to the receivers’ surface. The VLC system uses
high-efficiency optical transmitters with high brightness (7645
Lux in 1 m) low power (36 W) white LED panels which also
provide proper lighting. To overcome the detrimental effects of
the time-varying inter-symbol interference (ISI) due to the VLC
receiver’s high acceptance angle and vibration in its structure, we
design and utilize an optimal multiple-symbol detection (MSD)
algorithm. MSD attains remarkable improvements compared to
the symbol-by-symbol detection but with exponential time cost.
To decrease the MSD’s computing demands, we then design an
adaptive Decision Feedback Affine Projection Algorithm (DF-
APA). DF-APA attains a notable further improvement with
polynomial computation complexity which allows faster response
to VLC channel dynamics. We, finally, test the system in presence
of intense vibration in the receiver’s body and show a 20 Mbps
VLC link over 7 m distance.

Index Terms—Indoor visible light communications, System
design, Vibrant VLC link, Multiple-symbol detection, Adaptive
decision feedback affine projection algorithm.

I. INTRODUCTION
Optical wireless communications has brought forward a

potential framework for reaching secure, high-throughput, and
cost-effective wireless communications in multi-user environ-
ments [1], free space and underwater [3]. As the density of
Internet-of-Things (IoT) devices is increasing in our living
spaces, legacy radio frequency (RF) bands are getting more
scarce and expensive to license. Further, due to the interference
caused by the omni-directional RF signals, the aggregate
wireless network throughput increases sub-linearly [4], and
there is an urgent need for more spatial reuse to increase the
aggregate wireless network capacity.

Compared to the legacy RF-based wireless communications,
VLC has many advantages including higher bandwidth, higher
potential for spatial reuse and lower probability-of-intercept.
Although these features make VLC a perfect solution for
high-throughput indoor wireless networking, a casual office
setting involves many dynamics that may hinder the benefits
of VLC. The frequent existence of mobility and undesired
vibrations caused by regularities of an office setting (e.g.,
a simple shake from typing on a laptop or movements of
smart phone while talking or watching video) may adversely
affect the efficient signal reception at a VLC receiver. Such
casual operation can cause attenuation and impose a time
varying inter-symbol interference (ISI) on the received optical
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signal, and hence limit the viable communication bit rate
and effective range of indoor VLC systems. This impediment
hampers on the widespread usage of VLC systems and neces-
sitates intelligent receiver design and efficient transmission and
reception methods. However, to the best of our knowledge, the
detrimental impacts due to the above mentioned phenomena on
the performance of the VLC systems and appropriate solutions
yet has not been studied, which is the main focus of this work.

In this paper, we design and prototype a 20 Mbps VLC

receiver for indoor office communications with a range of
7 m. We examine the VLC link’s performance and stability
against mobility and vibration. We measure the channel’s
delay spread in both presence and absence of the intense
vibration in the receiver’s structure and quantify the reduction
in the maximum achievable rate due to the ISI caused by
the vibration. To reduce the ISI, we then design an optimal
Multiple-Symbol Detection (MSD) algorithm specifically to
remedy the increased Bit Error Rate (BER) due to the adverse
effects of the existing ISI. Further, to prevail upon MSD’s ex-
ponential computing time requirement, we design and deploy
an adaptive Decision Feedback Affine Projection Algorithm
(DF-APA) and evaluate the system’s performance by utilizing
this adaptable detection technique. Our VLC receiver design
uses multiple photo-detector (PD) arrays, which can be used
to cover various shapes, i.e., conformal to the receiver device’s
shape. Major contributions of our work include:

o A prototype indoor VLC system that is made of off-the-
shelf components, and is scalable and suitable in an office
environment and capable of communication with data
rates up to 20 Mbps, 7 m coverage and bit error rate of
less than 10~° in presence of intense vibration (i.e, speed
of 0.2 m/s, acceleration of 43.02 m/s2, displacement of
37.74 mm, and frequency of 6.27 Hz) in receiver’s body.

¢ A multi-photodetector (PD) array VLC receiver design



that is conformal to surfaces of IoT shapes (e.g., laptop,
TV monitor, or VR headset) and has a large aggregate
receiver surface area arranged in a cubical or flat structure
for larger FOV and reception range.

o Empirical modeling of an indoor VLC channel for a
casual office setting involving minor movements such as
shake or vibration.

o Formulation of ISI effects on wide FOV receivers in vi-
brant VLC channels with high delay spread and non-zero
memory. Consideration of vibration in the environment,
beam divergence angle, data rate and link range.

o Design of an optimal and adaptive multi-symbol detection
algorithm to handle the time-varying nature of the vibrant
VLC channel.

II. VLC RECEIVER DESIGN

There has been major efforts in VLC receiver design.
However, VLC receivers are still not widely and commercially
adopted. Insufficient efficiency to offer both high speeds (tens
of Mbps) [2], [5], [8] and long ranges (at least 5 m) [6], [7]
is among the major reasons dissuading users to extensively
employ these receivers (Fig. 1). Moreover, the limited field of
view (FOV) (= 75°) and detection area (= 1 mm?) in the ex-
isting VLC receivers cause the generated data-carrying photo-
current signal to be small and the quality of the data reception
to be dependent on the spatial positions of the receiver and
transmitter. These limitations make it impossible to broadly
implement wide-range VLC systems in environments where
the receiving person is constantly on the move. Table I details
the performance of the state of the art VLC technologies !. By
making the VLC receivers conformal, we focus on design and
implementation of wide FOV receivers and show a maximum
omni-directional reception rate of 20 Mbps at a range of 7 m.
A. Biasing Circuit

A PD signal can be measured as voltage or current. The
PD current measurement demonstrates far better linearity, off-
set, and bandwidth performance. The generated photo-current
is proportional to the incident light power and it must be
converted to a voltage using a transimpedance configuration.
The PD can be operated with or without an applied reverse
bias (V) depending on the application-specific requirements.
Application of a reverse bias (i.e., cathode positive, anode neg-
ative) can greatly improve the speed of response and linearity

TABLE I
PERFORMANCE COMPARISON

[ [ R [ BW [ FOV [ Packet Loss Rate |
Our Prototype 7.1 m 20 MHz | 360° 10=F
Pure LiFi-X [6] I8m | 42 MHz | 60° ~34x10°7
[5] 24 m 10 KHz | 10° 10—2
2] 50 m 50 KHz | 75° 32x 101
Thorlabs [7] 045m | 12MHz | 150° ~ 107

Note that for providing proper lighting coverage, the technologies listed
in Table I utilize white Phosphorus LEDs (not single wavelength LDs) as their
predominant choice for data transmission. These white phosphorous LEDs
have limited oscillation/switching frequency (= 50 MHz) and as a result of
that, the maximum transmission bit rate without using code division multiple
access (CDMA) coding techniques is limited to maximum 50 Mbps. However,
by utilizing monotonic (single wavelength) LEDs we can reach Gbps speeds
[9] but we will not be able to provide proper lighting coverages.

of the devices. In our configuration, the detector is reverse
biased to reduce PD’s total junction capacitance, thus reducing
its rise time, t.. Moreover, the reverse biasing technique
was employed through active TIA in order to eliminate the
dependency between the voltage of the PD’s cathode pin and
the feedback resistor, Ry, responsible for converting voltage
to current. As shown in Fig. 2, the cathode pin is connected
to the inverting pin of the operational amplifier which has
the same zero voltage as its non-inverting pin. As one of the
advantages of this structure, the voltage difference between the
two PD pins is independent of the undesirable variations of
Rr caused by the changes in the ambient temperature. This, in
turn, leads to further independence of the receiver bandwidth
from the temperature conditions in indoor office environments,
consequently reducing the maximum communication range.

The overall bandwidth (BW) of the receiver is directly
determined by Rp as follows [10]:

GBP
BW [HZ] - \/271’ x Rp X (CJ + CF) M

where GBP is the gain bandwidth product of the operational
amplifier (OPA637BP) and is equal to 80 MHz, Cpg is the
feedback phase-compensation capacitor, Cj is the equivalent
junction capacitance of the cubical structure.

B. Three-Stage Voltage Amplification

Amplification of the received signal with a high gain while
maintaining stability is very important in order to provide a
long VLC communication range. Existing amplification of PD
signals involves only a simple TIA designed for low-speed
operation and uses high feedback resistor Rp to attain high
gain. But, high Ry limits the bandwidth, and such designs are
not appropriate for our VLC goals with large surface area PDs
operating at high speeds. In order to maintain wide bandwidth,
high gain and long communication range, we amplify and
detect our data-carrying signal through three stages. The three
stages include a transimpedance pre-amplification for current-
to-voltage conversion (Stage 1, Gria) and a non-inverting
amplifier for voltage amplification (Stage 2). Between these
two stages we use a high pass filter. As shown in Fig. 2,
we further follow the wide bandwidth amplification of Stage
2 with a wideband pulse amplifier (Stage 3, Gwpa) which
provides a 30 dB gain at a 500 MHz bandwidth.

C. Gain - Bandwidth trade off
Finding the right value for the feedback capacitance Cp
involves tuning its trade off with phase margin and bandwidth.
Higher Cr means more stability (i.e., large phase margin) but
less bandwidth. In this design, we target 45° of phase margin
(i.e., 180° + LA, (f;)B(fi) = 45° where f;, A, (f) and 5(f) are
the intercept frequency, TIA’s open loop gain and its feedback
factor, respectively.). The 45° phase margin provides a good
compromise between stability and bandwidth, and enables us
to obtain a closed-form Cg:
Cu — 1++/1+4.87 x Rp x Cy x GBP
" 247 x Ry x GBP
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Fig. 2. VLC receiver circuit

In order to make sure the biasing circuit does not become
a bottleneck to the VLC receiver’s BW, we need to select the
feedback resistor Ry as large as possible (for high gain) while
not limiting the maximum achievable BW of the PD FDS1010.
To respect the BW of the PD, we must satisfy BW [Hz] >
fpp,3aB, wWhere fpp 3qB ~ %ﬁ is the frequency at which the
PD output decreases by 3dB and is equal to 19.85 MHz when
ty is 18 ns measured at Vg = 18 V. By substituting Eq. (2)
in Eq. (1) and solving BW [Hz] > 19.85 [M Hz|, we find
the maximum value of Rp as 25 2, Finally, by substituting
Rr =25 Q in Eq. (2), Cyg calculates to 407 pF.

III. VLC PROTOTYPE AND RESULTS

The prototype and experimental setup for the VLC receiver
and transmitter are demonstrated in Fig. 3. In order to evaluate
our receiver in presence of vibration, we assembled the entire
body of the receiver’s structure on a servo motor. We employ
an Arduino to control the speed and direction of the servo,
which enables us to produce an intense vibration pattern
with our desired characteristics (i.e. frequency, acceleration,
velocity, and displacement) in the body of the receiver. Finally
in order to study the effects of vibration on the reception
quality, we plotted the eye diagram of the received signal
at transmission rate of 20 Mbps in presence and absence of
vibration respectively.

A. Inter-Symbol Interference

Real-time eye diagrams in Fig. 5 provide instant visual data
that can be used to check the prototype’s signal integrity in
both presence (Fig. 5(d)) and absence of vibration (Fig. 5(c)).
We also characterized and measured the vibration intensity
of the considered indoor office setting, for both vibrant (Fig.
5(b)) and non-vibrant (Fig. 5(a)) VLC links. As shown in Fig.
5(d)), the increased ISI? creates distortion and eye closure.

2Note that although these PD arrays increase the FOV to 360°, they also
increase the ISI. Consequently, the average BER, particularly at high bit rates,
also increases when deployed in a vibrant mobile VLC link. We will address
these challenges in Sections IV and V.

B. Channel Impulse Response

Understanding the effect of vibration on the VLC channel
is crucial and, to the best of our knowledge, has not been
empirically done before. From our prototype, we measure the
channel impulse response to calculate the approximate delay
spread of the VLC channel in both presence and absence of
vibration (Fig. 4). High delay spread indicates the amount of
ISI in the channel, and thus, tells a lot about the channel
quality. To empirically measure the impulse response, we sent
a bus high signal from the transmitter and stored Vy, in a
buffer. The stored Vi, is proportional to the intensity of the
incident light radiated on the PD. Finally, assuming linearity
in the channel behavior, we estimated the channel impulse
response by calculating the inverse FFT of the ratio of the
FFT of Vy, to the FFT of transmitted high signal of width
Sus. We also calculated the channel’s RMS delay spread in
both presence and absence of vibration using [3]:

Joo (t = mi)?hi (t)dt
TRMS,i = ffooo I’L? (t)dt )
where 7; is the mean delay due to non-LOS paths and is given
by i = [T hf(t)tdt/ffooo h2(t)dt, i=1,2. Here, hy(t) and
h; (t) are the estimated impulse responses for the VLC channel
with or without vibration, respectively. By Eq. (3), we estimate

the effective delay spread Trmvs,1=312.34 ns and Trmg,2=7.04
ns over 7 m.

i=1,2 (3

IV. MULTIPLE-SYMBOL DETECTION

Drawing on the experimental results, we obtained the im-
pulse response of the VLC channel in the previous section
(Fig.4), revealing that the delay spread of the channel drasti-
cally increases in the presence of the intense vibration in the
receiver. The delay spread interrupts the symbols transmitted
on the channel and deteriorates the overall performance of
the optical system, which in turn limits the communication
range. In this section, we design an optimal detector, aiming
to restore the performance lost in symbol-by-symbol detection
due to the ISI in which detection decisions are made using a
multi-bit observation window.

A. System Model

On transmitter side, we have assumed intensity modulation
direct-detection with On-Off Keying (OOK) modulation, i.e.,
1s represented with high light intensity and Os with low. As a
result, the transmitted data sequence of the transmitter can be
expressed as:

oo
2(t) = Y b P(t — kTp) €
m=0
where T, = R%, is the bit duration time and R, is the data

transmission rate. Moreover, in this scheme, bits “0” and “1”
of each time slot will be transmitted with pulse shapes 0 and
rectangular pulse P(¢) with time duration of T}, respectively,
and b, € [0,1] is the OOK modulated signal corresponding
to the m™ transmitted bit (or symbol).

On the receiver side of the VLC system, the output data-
carrying analog signal (i.e., Viy, in Fig. 2) is integrated over
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Fig. 3. VLC prototype: (a) Receiver; (b) Transmitter.

consecutive bit times (i.e., f (1T Vi, (t)dt) and as a result
a discrete signal is built in each time slot, i.e., 7(k) where k
indicates the index of the time interval at which k*" transmitted
bit is integrated. When a photon hits a PD, the generated output
photo-current of the PD (i.e., the total number of generated
photo-electrons) obeys a Poisson distribution [3]. The output
of the integrator can be modeled as a Poisson Point Process
whose average is in proportion with the total optical incident
power [3]. The integrated output of the optical detector can be

modeled as: r(k) = y(k) + vp.a(k) )
where 1, q(k) is the Poisson noise (including background
and dark current noises) during the detection of the k"
symbol in the receiver. v} 4(k) is a Poisson variable with

2 ProT,
an average value of (ny + ng)Ty, where n, = %ﬁcb

and ng = QIquBT” are the number of photo-electrons gen-
erated by the background light and the dark current noise,
respectively. Here, 7q represents the quantum efficiency of
the PD, ng is the elimination factor of the high-pass filter in
our receiver, B is the overall electronic bandwidth provided
by our prototype and was obtained in Eq. (1), Ppg is the
received background power and ;. is the dark current of
PD hardware. ¢ = 1.602 x 107 '?C is the elementary charge,
h = 6.626 x 10734 is Plank’s constant, and f represents the
frequency of the light source. y(k) is the count of photo-
electrons generated from the received data-carrying signal, and
is also a Poisson variable with an average in proportion to the
PD output in the k" interval. By considering the effects of the
L detected symbols prior to detection of the k" symbol on
increasing the resulting average number of photo-electrons on
the k™ interval, y(k)’s expected value will be:

VA: Vibration Acceleration = 43.02 m/s?
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:{ VV: Vibration Velocity = 0m/s
VF: Vibration Frequency = 1.15 Hz
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Fig. 4. Channel impulse responce for 7.1 m vibrant and non-vibrant links.

57, k k—m+1)Ty
_Rh (
my(k) = — 3 b T()dt (6
m=k—1L (k=m)T

where R is the responsmty of the cubical PD at the corre-
sponding wavelength of the incident light (A = 445 nm, Blue
color), and h is a positive multiplicative fading coefficient (to
characterize turbulence effects). Further, I" (¢t) = h(t) * P(t)
where h(t) is the impulse response of the vibrant VLC channel
(which we empirically estimated in Fig. 4) and L is the channel
memory which increases with the vibration intensity, data rate,
transmitter beam divergence angle, receiver FOV, and distance.
Egs. (5) and (6) imply that r(k) is a Poisson variable with an
average m(k) defined by

m(k) = m(k)h + (ny +na)Ty (7
m(k) is deﬁned according to

Z - /(k+1)Tb

D(t —mTy)dt.  (8)
m=k—L kT,

To achieve an optimal decision metric for VLC receiver, we
obtain the joint probability distribution function of the 7(0),

r(1), ..., (N71)
T Y ®

Mpsp(b
=0 bi—1,-,bi—1L

[/ Poiss( r(i)| bi, (bi-1, ., bi—1), B')f(il‘)dil}

where N is our desired window length and h; is a random
variable with Erlang dlstnbutlon
)\ F
f(hi; Ap,0p) = m
In Eq.(10), A\r € R and 0 € Z% are selected so that
the Erlang function conforms to the normalized Lognormal
function with a variance of ag_ and mean value 1 [13] which
is the typical case in VLC indoor links. By substituting Eq.
(10) in Eq. (9), we obtain our optimum decision metric as

where

Ror—le=Arhi hi>0.  (10)

1 ((nb + nd)Tb)T(i) ,\GFe*(mA‘nd)Tb
Marsp(®) =52 X = 15) O
x Aﬁl Z " ggn—1(r(4); u(i), v(i)) (11)

v (i) (u(@)w (i)

1=0 b;_1,..,bi—
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where go(asb,c) = 1 [7° 2% (x + b)re= "0 da, v(i) =

ﬁl(’t) + )\F» ,u(z) = % and b_l,b_27...,b_L are
assumed 0. Further, the sum symbol >, ~ , ~ ~, isused

to define the summation over all possible binary sequences for
bi—1,b;—2,...,b;_r. The division of the resulting sum by 2%
leads to the average value over all possible bit combinations.
Since only the last term in Eq. (11) includes the detected bits
b;s, the receiver needs to consider only that term for optimal
decision on what bits were transmitted. Thus, the optimal
receiver must select a bit vector from the 2"V possible bit
vectors b = [bo,b1,...,by—1]. It will do so by solving the
following maximization problem:

T et )90 —1(r(@); p(2), v(4))
ble argmax H Z @) ())®

= =0 b;_1,.

(12)
where L represents the channel memory. In Section VI,
we exhaustively search all possible bit vectors which incurs
a computational complexity of O(2"). Next, we design a
prediction algorithm to relieve this complexity.
V. ADAPTIVE SYMBOL DETECTION
In this section, we design and analyze a two-mode op-
erational adaptive detector, namely, “Decision Feedback -
Affine Projection Algorithm” (DF-APA) to tackle the ISI prob-
lem. This approach lends itself well to mixed-signal designs
that can attain similar performance to the optimum MSD
techniques. Moreover, the adaptive detector discussed in this
section offers a considerably lower computational complexity
with a polynomial order.

A. System Model

The main idea behind decision feedback detectors is that
when the data symbol is detected and decided, one can obtain

a,[m/s?] =-24.13

(VF),[Hz]

a,[m/s?*] =-3.55

Overall Acceleration [m/s?] = 43.02

Dominant Frequency [Hz] = 6.27

Overall Velocity [m/s] = 0.2

(VA), [m/s?]

Displacement [mm] = 37.74 mm

Vibration Acceleration,  Vibration Frequency,  Vibration Acceleration,

Frequency [Hz]

d)
Fig. 5. Eye diagrams for both vibrant and non-vibrant, 7.1 m long VLC link: (a) Vibration conditions when communicating in a non-vibrant VLC link and
(b) vibrant VLC link when step-motor (400 R.P.M.) operates, (c) Eye diagram for the 20 Mbps transmission data rate in a non-vibrant and (d) vibrant (speed
of 0.2 m/s, acceleration of 43.02 m/s2, displacement of 37.74 mm, and frequency of 6.27 Hz) VLC link.

and eliminate ISI on the future symbols prior to detection
of the next symbols. This algorithm can be constructed as a
feed forward (FF) filter and feedback (FB) filter in the optical
receiver. ISI created by previously detected symbols on the
current symbol can be adjusted using FB filter coefficients.
Detector consists of Npr + 1 taps in its FF filter and Npp
taps in its FB filter. As shown in Fig. 6, the adaptive system
works in two modes, i.e, training and tracking modes, to
detect the transmitted symbols. When in the training mode,
the detector’s output d;, will be equal to w? (k)u(k), where
u(k) = [r(k) r(k — Npr) di— dy—nNpp]" i
the input signal of the detector seen in Fig. 6, w(k) =
[wo w1 W +.. WNpptNpp)]” represents the impulse response
of the overall discrete adaptive filter containing both FF and
FB tap weight coefficients after being updated for k times,
Wi=0,... Nep+Npp are the gain coefficients (taps) used in the
detector and d; is the input training sequence. Based on the
conventional protocol between the transmitter and receiver,
the training sequence bits d; can be made available in the
transmitted preamble packets, allowing the receiver to have
full knowledge of these preamble bits and have full access to
the training sequence. By obtaining the detector’s output dk,
the error signal ey is determined using dj — dk and dy, — dk
in the training and tracking modes, respectively. Here, dj, can
be computed as

d, = 1 dy 2 VT (13)

0 dp <V

where V1y, is the voltage threshold and is the average output
voltage over multiple symbols. This method eliminates the
need for channel state information in the receiver for generat-
ing the training sequence in tracking mode. The error signal



Fig. 6. DF-APA structure
is squared to obtain the mean square error at the instant of k,

leading to
J(k) = E{ler|*}

where J(k) is the cost function at the instant of k.

Adaptive symbol detectors requires a special algorithm
to update the detector coefficients and thus minimize the
desired cost function. There exists a wide variety of adaptive
algorithms updating filter coefficients. Here, we use Affine
Projection Algorithm (APA) [12] to update the tap weight
vector coefficients w(k). In the following subsection, the
proposed algorithm is described in detail.

B. Configuring the Adaptive Filter

Given the set of tap-input vectors wu(k), w(k — 1), ...
u(k — (Npp + Npp) + 1) and the set of desired output
samples di, dr—1 ... dy_(Npp+Npp)+1, the tap-weight vec-
tor w(k + 1) will be updated so as to minimize the squared
Euclidean norm of the difference w(k 4 1)-w(k) subject to
wl'(n+Du(n —i)=d,_; fori=0, 1,... M — 1 as a sets
of constraints. Here, M is the number of applied constraints
(i.e., dimensions). By increasing M, the convergence speed
increases. However, this increase is limited by a threshold,
after which its effect is negligible and further increment of
M adds to the computational complexity. Note that NLMS
algorithm is a special case of APA for M=1. In our DF-APA
design, both in training and tracking modes, we set M =2 to in-
crease the convergence speed compared to the common NLMS
algorithm while maintaining the computational complexity at
a moderate level. To update the tap weight vector in DF-APA,
we formulate the following recursive optimization problem:

lw(n +1) = w(n)|* (15)
S.t,{wT(n + Du(n) = d,
wlin+1Du(n —1) =d,_.
This optimization problem can best be solved using Lagrange

multipliers [15], for which a recursive solution equation can
be written as
w(n+1) =[L - pAT (n)[A(n)AT ()]~ A(n)]w(n)+
pAT ()[A(n)AT (n)] ™ d(n) (16)
where p is the step size for controlling the algorithm’s overall
stability and convergence speed, AT(n) = [u(n), u(n —
1), ..., uln—M+1)] and d* (n) = [dn, dn_1, ..., dn_n]
and M=2. The computational cost of solving Eq. (22) is
O(M(Npp + Nppg)) per sample (iteration) [12].

TABLE I
COMPLEXITY OF SYMBOL DETECTION.

(14)

min

Algorithm | DF-APA MSD  SBSD
Memory O(Nrr + NrB) oN)  O(1)
Computation | O(M(Nppr + Npp)) O@2N) O(1)

VI. RESULTS AND DISCUSSION

We aim to compare our prototype’s performance with
the optimal MSD and adaptive symbol detection (DF-APA)
techniques. Our prototype uses Symbol by Symbol Detection
(SBSD) while MSD and DF-APA perform additional compu-
tation to improve the BER of the VLC link. This comparative
evaluation will reveal the benefit of computation in tackling
the performance degradation of the receiver’s vibration in
the VLC link. At a high level, Table II details the memory
and computation complexities of the three symbol detection
techniques. SBSD is the baseline approach in our prototype
which makes detection for every symbol without spending
any additional memory or computation. On the other end of
the design spectrum, MSD finds the optimum detection for
every N bits with an exponential time and linear memory
complexity. The adaptive filtering technique DF-APA, which
is a commonly used machine learning method for digital
signal processing, finds a middle-ground by attaining linear
time and memory complexity with some degradation of BER.
In our evaluation, we aim to quantify this degradation too.
By using the empirical channel impulse response of our
prototype VLC link, we simulate SBSD, MSD and DF-APA.
Table III summarizes key system parameters in the simulation,
including the transmitter and receiver specifications.

1000X BER Improvement is Possible: By employing the MSD
optimal detector in the receiver, we investigate the effect of in-
creasing the window length NV on improving the performance
of the vibrating receiver at a bit rate of 20 Mbps. Since the
highest detrimental ISI effects occur at this bit rate, we choose
this particular bit rate for evaluation. Moreover, we are mainly
interested in the performance of the MSD optimal detector in
improving the detection efficiency under the worst conditions
which in our case happens at 20 Mbps over 7.1 m distance. As
shown in Fig. 7(a), increasing the window length in the MSD
detector from N=2 to N=7 significantly decreases the average
BER. Further increases in the window length (N>8) have no
notable effect on the performance and merely increases the
computational complexity and the required buffer for storage
of received signal symbols while delaying the decisions on the
most probable transmitted /NV-bit.

TABLE IIT
SYSTEM PARAMETERS USED IN SIMULATIONS.
I Coefficient I Value I
Responsivity at A = 445 nm, R 0.13
Gr1a, Gurr, Gwia (Fig. 2) 25,2.57,5000
Quantum efficiency, 79 0.7
HPF elimination factor, ng 10°°
Electronic bandwidth, B (Eq. (1)) 20.16 MHz
Optical blue filter bandwidth (Full Width 40 + 8 nm
Half Max), A\
Optical filter transmissivity at 0.76
A =445 nm, Tr ’
Dark current, I, at Vg = 18V 80 uA
Transmission bit rate, Ry, 20 Mbps
Center-to-center LoS distance between
. . 7.1 m
transmitter and receiver
Channel memory, L 7
{Ar, Or} [14] {6.472,6}
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Fig. 7. Performance analysis of a 20 Mbps vibrant VLC link at 7.1 m distance: (a) BER of the optimal MSD receiver at varying window lengths; (b) BER
Comparison between suboptimal DF-APA and optimal MSD; (c) Learning curves of the DF-APA in training and tracking modes.

Adaptive Filtering Attains Near-Optimal BER: To understand
if adaptive symbol detection will suffice, we, in Fig 7.(b),
compare the performance of the DF-APA suboptimal detector
and the optimal detector MSD in minimizing the detrimental
ISI effects caused by the vibrations as well as in increasing the
average BER at a bitrate of 20 Mbps. Moreover, we study the
effect of the number of tap weights employed in the FF and
FB filters in DF-APA (Fig. 7(b)) on improving the system
performance. We used step size u=0.0005 to plot the BER
diagrams associated with the DF-APA detector. As shown in
Fig. 7(b), DF-APA is able to achieve a performance close
to that of the MSD optimal detector with a window length
N=4 by employing 6 tap weights in the FF filter (Npr=06)
and 3 tap weights in the FB filter (Nypp=3) at a much lower
computational complexity.

An appropriate step size is critical for DF-APA detector in
order to attain a good convergence speed and stability. Fig. 7(c)
illustrates the relationship between the Mean Squared Error
(MSE) by DF-APA and training sequence (dj, in training mode
and dj, in tracking mode) length in both training and tracking
modes, where the number of gain taps in the detector’s FF
and FB filters are 6 and 3, respectively. To depict the learning
curve, the expression J(n) = |dy — dg|? in the training mode
and J(n) = |di — dj/|? in the tracking mode are computed
from the detector’s output, and after 1,000 times of running,
the mean value of the results are obtained. As seen, J(n)
converges after about 1,500 iterations of updating the filter
coefficients w(n). Looking at various step sizes, the higher
the step size (red and purple curves), the faster DF-APA
finds the best coefficient configuration for symbol detection.
However, higher step sizes may cause the filter going into
potentially unstable operation. Fig. 7(c) shows that for step
sizes ¢ < 0.01 the DF-APA filter is stable. In particular, after
about 300 iterations, all step sizes in both modes result in
sufficient improvement in the learning curve and converge.

VII. CONCLUSION

We investigated the design of a VLC system with ca-
pability of data communication up to 20 Mbps over a 7.1
m distance. We considered vibrant and non-vibrant indoor
VLC links. By deploying the prototype, we experimentally
studied the detrimental effects of intense vibrations in the
receiver’s structural body on the VLC channel impulse re-
sponse and integrity of the received signal. Furthermore, for

reducing the ISI and adapt to the time varying nature of the
vibrant VLC link and increasing the receiver’s performance,
we exploited optimal MSD and sub-optimal adaptive DF-
APA detectors. Remarkable performance improvement was
achieved by deploying the optimal MSD detectors within the
vibrant VLC links but with exponential time requirements, and
comparable improvements were obtained by the suboptimal
DF-APA algorithm in polynomial time.
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