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In many military and industrial applications, GaAs photovoltaic (PV) converters are connected in series in order to generate the
required voltage compatible with most common electronics. Multimode optical 
bers are usually used to carry high-intensity laser
and illuminate the series connected GaAs PV converters in real time. However, multimode optical 
ber illumination has a speckled
intensity pattern. 	e series connected PV array is extremely sensitive to nonuniform illumination; its performance is limited
severely by the converter that is illuminated the least.	is paper quanti
es the e�ects ofmultimode optical 
ber illumination on the
performance of series connected GaAs PV converters, analyzes the loss mechanisms due to speckles, and discusses the maximum
illumination e�ciency. In order to describe the illumination dependent behavior detailedly, modeling of the series connected PV
array is accomplished based on the equivalent circuit for PV cells. Finally, a series of experiments are carried out to demonstrate
the theory analysis.

1. Introduction

An increasing application of GaAs PV converters is the
conversion of monochromatic light into electrical power [1–
5]. A typical application of this technology is the optical
transmission of energy or power-by-light. Electrical energy
delivery in power-by-light systems represents a promising
alternative for copper wires [6]. In such systems, the laser
light is mostly transmitted through an optical 
ber and
a PV receiver converts the optical energy into electrical
energy. 	ese systems are used in places where the use of
electrical energy is not recommendable, taking advantage of
the properties of optical 
ber such as electrical insulation,
immunity from EMI, RF, and lightning. Examples of these
applications are found in 
elds such as the oil industry,
remote sensing, aerospace, explosions, high voltage power
lines, and nuclear plants [7, 8]. In these applications, the
required voltage of the electronic circuit is generally higher
than that supplied by a single GaAs PV converter; this value
is about 1 V.	erefore, GaAs converters are always connected
in series to match the required voltage. One of the principal
advantages to pursuing this technology is that electric power

can be generated in a far smaller volume than required by
a DC-DC converter. 	is option is more compact and has
the possibility of integrating the GaAs PV converters with an
electronic circuit.

Fiber illumination is important because some of today’s
optical power transfer applications do not have line of
sight between the optical source and series connected PV
converters.	e optical power is delivered via optical 
ber to a
regionwith insu�cient volume to a�ord beam-shaping optics
with which to uniformly illuminate the series connected
PV converters. It has been shown that the least illuminated
converter dominates the system performance [9]. It is this
dilemma that leads to the need for research into the perfor-
mance of series connected GaAs PV converters under 
ber
coupled laser diode illumination.

Large core, step-index multimode optical 
bers are usu-
ally used to carry high power levels over short distances.
Multimode optical 
ber illumination has a speckled intensity
pattern and the illumination e�ciency is a function of the
ratio of the individual converter area within the series con-
nected PV arrays to the speckle correlation area. Nonuniform
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Figure 1: 	e illumination pro
le of step-index multimode 
ber.

illumination could reduce the e�ciency of electric conversion
and decrease the lifetime of PV converters [10]. 	is paper
quanti
es the e�ects of step-index multimode optical 
ber
nonuniform illumination on the performance of series con-
nected GaAs PV converters, analyzes the loss mechanisms
due to speckles, and discusses the maximum illumination
e�ciency undermultimode illumination. In order to describe
the illumination dependent behavior detailedly, an analytical
model of the series connected PV converters is accomplished
based on the equivalent circuit for PV cells. To demonstrate
the theory analysis above, 
nally, a series of experiments are
carried out.

2. Multimode Optical Fiber Illumination

	e operating voltage of the series connected PV converters
in the string is the sum of the operating voltages of the sub-
converters, whereas the current through each subconverter is
the same and equal to the current of the external circuit. 	e
converter generating the lowest short circuit current, referred
to as the individual mismatched converter, determines the
system current and the device performance [11].	erefore, in
the case of series connectedGaAs PV converters, nonuniform
illumination can cause a signi
cant e�ciency drop. 	is
makes the spatial pro
le of the illumination source a critical
parameter.

2.1. Mean Speckle Correlation Area. 	e illumination pro
le
produced under step-index multimode optical 
ber illu-
mination contains speckles due to the interference of the
di�erent modes. Speckles are random regions of �uctuation
in the intensity pro
le [12]. If the speckle is large enough
it can create a situation where converters within a series
connected GaAs PV array are weakly illuminated, thereby
limiting the current. 	e illumination pro
le from a step-
index multimode 
ber shown in Figure 1 is speckled; the
illumination e�ciency is a function of the ratio of the
individual converter area to the speckle correlation area.

	is section is based on a detailed discussion of the
statistical properties of speckle [13]. 	e mean speckle corre-
lation area is calculated by evaluating the normalized mutual
intensity of the speckled intensity pattern incident upon
the series connected PV array [13, 14]. 	e mean speckle
correlation area of an intensity pattern propagating from a
step-index multimode optical 
ber is given by

�� = �2�2��2 , (1)

where � is the core diameter of the 
ber, � is the wavelength,
and � is the propagation distance from the 
ber.

	e speckle correlation area is directly related to both the
propagation distance and wavelength and inversely related to
the 
ber core diameter. Keeping the 
ber core diameter to a
maximumwhileminimizing thewavelength and propagation
distance is critical in reducing the size of the speckle and
therefore increasing the illumination e�ciency.

2.2. Illumination E�ciency. 	e amplitude of the generated
photocurrent, ��, is determined by

�� = �����, (2)

where �� is the irradiance (W/cm2), �� is the area of a
single converter (cm2), and � is the wavelength dependent
responsivity (A/W) [15].

Speckle is a random phenomenon and as such must
be treated statistically. 	e illumination e�ciency, 	�, is
determined by the converter that is illuminated the least. To
begin this discussion, we de
ne 	� for multimode optical

ber illumination as

	� = ��min���⟨��⟩ ��� = ��min⟨��⟩ =
⟨��⟩ − ��⟨��⟩

= 1 − ��⟨��⟩ = 1 −
1
√�,

(3)

where ⟨��⟩ is the mean integrated speckled intensity across
any individual converter within the array, ��min is the
minimum integrated speckled intensity across an individual
converter within the array, and �� is the standard deviation of
the integrated speckle pattern [14].

	e variable � is a function of the ratio of the converter
area, ��, to the speckle correlation area, ��, and is de
ned as

⟨��⟩�� = √�. (4)

An exact expression for� is found for a square aperturewhich
is analogous to an individual square PV cell [14],

� = [√ ���� erf (�
����) − (

�����)(1 − exp(−�����))]
−2

.
(5)



Advances in OptoElectronics 3

I

V

+

−

Isc Is

Rs

Rsh

(a)

I

V

+

−

Isc Is1 Is2

Rs

Rsh

(b)

I

V

+

−

Isc Is

Rs

(c)

Figure 2: PV cells equivalent circuit models, (a) single-diode model, (b) double-diode model, and (c) simpli
ed model.

	is equation is then modi
ed for a rectangular PV cell and
is now in the form of

� = {[√ ���21 erf (�
�21��) − (

����21)

× (1 − exp(−��21��))]

× [√ ���22 erf (�
�22��) − (

����22)

× (1 − exp(−��22��))]}
−1

,

(6)

where �1 and �2 are the dimensions of the rectangular cell.
	e minimum integrated speckled intensity is de
ned

as being one standard deviation below the mean in (3). As
such, it is an upper limit for the illumination e�ciency. 	e
actual value may be lower due to the probability of having
a value of ��min that is lower than one standard deviation
below the mean. In addition, nonuniform intensity envelope
across the series connected PV converters will also lower the
illumination e�ciency.

3. Mathematical Model

Modeling of the series connected PV converters is accom-
plished based on the equivalent circuit for PV cells. 	e
traditionalmodels of PV cells represented by a current source
in parallel with one or two diodes are shown in Figure 2. 	e
single-diode model shown in Figure 2(a) includes four com-
ponents: photocurrent source, diode parallel to the source,
series resistor ��, and shunt resistor �sh. In double-diode
model shown in Figure 2(b), an extra diode is added for
better curve 
tting in low irradiance level conditions [16]. In
most cases, due to the exponential equation of a p-n diode
junction, it is di�cult to determine these 
ve parameters in
single-diode model or six parameters in double-diode model
mathematically. Since the shunt resistance �sh is large, it can
usually be neglected [17].	e single-diodemodel anddouble-
diode model can, thus, be simpli
ed into Figure 2(c), an
equivalent circuit model of this study.

	e light-generated current of the PV cell depends
linearly on the illumination. At a certain optical power �in
with thewavelength �, the short circuit current �sc for an ideal
PV cell is given by

�sc = ��ℎ� �in�ext (�) , (7)

where ℎ is the Planck constant, � is the velocity of light in
vacuum, � is the electronic charge, and�ext(�) is the external
quantum e�ciency (QE).

According to the simpli
ed model of PV cells, the
illuminated current � and voltage  are represented as

� = �sc − ��0 (exp( + ��� 	 ) − 1) , (8)

where 	 = !"#/�, on the assumption that# = 300K and ! =1,  	 ≈ 25mV, and ��0, ��, and ! are the saturation current,
series resistance, and ideality factor, respectively.

In respect that exp(( +���)/ 	) ≫ 1 [18], the illuminated
current � and voltage  can be represented as

� = �sc − ��0 exp( + ��� 	 ) . (9)

At the open circuit state, the saturation current ��0 is obtained
as

��0 = �sc exp(− oc 	 ) . (10)

	e output electrical power �out of PV cells is given by� = � . In principle, the current �
 and the voltage  

at the maximum output power can be obtained from the
condition of &�/& = 0, but the educed expressions are of
great complexity. According to Antonio and Steven [18], one
empirical expression can be used to represent this relation:

'' = �
 
�sc oc = ''0 (1 − -�) , (11)

where ''0 = (Voc − ln(Voc + 0.72))/(Voc + 1), Voc =  oc/ 	, and-� = ���sc/ oc.
Using (11), the series resistance is given by

�� = (1 − ''''0)
 oc�sc . (12)
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All expressions mentioned above would be e�ectual, on
condition that Voc > 15 and -� < 0.4. In general, the precision
is higher than 1% [18]. For GaAs PV cells, it is reasonable to
assume that  oc = 1.0 V; thus, Voc = 40 > 15, ''0 = 0.89.
Another condition is that -� < 0.4; namely, require '' >0.6''0 = 0.53; in fact, this condition can be reached easily
for GaAs PV cells.

When ; identical PV converters are connected in series
and placed under nonuniform illumination, the �- curve of
series connected PV converters is best expressed in the form
of a summation of logarithmic terms,

 (�) = �∑
�=1
[ 	 ln(�sci − ���0 ) − ����] ,

 (�) = �∑
�=1
[ 	 ln(�sci − ���0 ) − �(1 − ''''0)

 oc�sci ] ,
(13)

where � is limited by the illumination current generated from
the least illuminated converter (�sci).
4. Experiments and Analysis

	e current limiting e�ect of the least illuminated converter
is illustrated with an experiment where an illuminated series
connected GaAs PV array was partially shadowed.	e series
connected GaAs PV array consists of 6 converters. In this
experiment, a 105�m core diameter, 0.22NA step-index
multimode optical 
ber is adopted. PV converters based on
GaAs are mostly used for the conversion of red or near-
infrared laser light. In our experiments, the illumination
source is an 808 nmmultimode laser with amaximumoutput
power of 94WCW, and the spectral width of the laser
source is about 4 nm. An entire row consisting of three series
connected cells was shadowed incrementally and the short
circuit current was recorded. As shown in Figure 3, there is a
linear relationship between the percent shadow and percent
decrease in output current. 	e current is greatly reduced
when the entire row is shadowed. Di�raction and re�ection
account for the less than 100% decrease in output current
when the entire row is completely shadowed.

Illumination e�ciency when using multimode illumina-
tion is dependent on the ratio of the PV converter area to the
mean speckle correlation area. 	is theory is demonstrated
by measuring the output current relative to the optical power
incident upon the series connected PV converters at the
distances of which the speckle correlation area and power
were determined. To achieve a wider ratio of PV converter
area to mean speckle correlation area, the mean speckle
correlation area is increased by increasing the distance
between the series connected PV converters and the 
ber.
	e decreased illumination intensity at the greater distances
was compensated for in the experimental calculations. 	e
illumination e�ciency is calculated by

	� = �out�
�, (14)
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Figure 3:	e current limiting e�ect of the least illuminated convert-
er.
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Figure 4: 	e illumination e�ciency as a function of PV converter
area to mean speckle correlation area.

where 	� is the ratio of the measured output current, �out, to
the current that would be produced given a uniform beam,�
.

Figure 4 shows the experimental results with the illu-
mination e�ciency plotted as a function of the ratio of
PV converter area to mean speckle correlation area, B. 	e
measured results are found to be in close agreement with the
theoretical prediction in trend, but the measured e�ciencies
are lower than predicted. 	is can be explained by the way
that the illumination e�ciency is de
ned. As mentioned
earlier, the illumination e�ciency is de
ned as the minimally
illuminated converter in the series connected PV array being
illuminated at a level that is a standard deviation below
the mean. Probabilities exist that the minimally illuminated
converter will be illuminated at a level lower than a standard
deviation below the mean. In addition, the intensity envelope
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Figure 5: �- characteristics for di�erent ratios of PV converter to
mean speckle correlation area.

was nonuniform which also contributes to a decrease in
illumination e�ciency.

Experimental determination of the �- characteristics of
series connected GaAs PV converters is required for its appli-
cation. 	e e�ciency can be calculated from the maximum
power point of the measured �- curve and the determined
illumination e�ciency. 	e optical loss that results from
shadowing by the metal lines and from sacri
ce of active
light receiving area for formation of the isolation channels
was compensated for in the experimental calculations. In
previous experiments, the conversion e�ciency of 51.9% at

1W/cm2 has been achieved for a single GaAs PV converter
with �sc = 36.38mA,  oc = 1.07V, and �max = 31.14mW.
Figure 5 shows the �- characteristics of series connected

PV converters measured at 1W/cm2, for di�erent values ofB (10, 20, 30, 40, and 50).	e measured data can serve to the
in�uence of nonuniform illumination that worsen the device
performance.

Also presented in experiment results are properties of the
short circuit current, open circuit voltage, maximum output
power, and conversion e�ciency of the series connected
GaAs PV converters. As seen in Table 1, the open circuit
voltage increases slightly with B increasing; an important
factor penalizing the e�ciency is the decrease in the short
circuit current that results from the speckle undermultimode
optical 
ber illumination.

5. Conclusions

Multimode optical 
ber illumination has a speckled intensity
pattern.	erefore, themain subject of this paper is to evaluate
the e�ects of step-index multimode optical 
ber nonuni-
form illumination on the performance of series connected
GaAs PV converters. 	e current limiting e�ect of the least
illuminated converter is illustrated with an experiment. As

Table 1: Measured results of the performance parameters.

B �sc (mA)  oc (V) �
max

(mW) C (%)

10 23.08 5.93 109.5 30.4

20 26.24 6.04 126.8 35.2

30 27.61 6.18 136.5 37.9

40 28.44 6.23 142.0 39.4

50 29.01 6.30 146.4 40.7

shown in experiment results, there is a linear relationship
between the percent shadow and percent decrease in output
current of the series connected PV converters under mul-
timode illumination. Illumination e�ciency is determined
by the ratio of the converter area to the speckle correlation
area. 	eoretical study demonstrates that keeping the 
ber
diameter to a maximum while minimizing the wavelength
and propagation distance is critical in reducing the size of
the speckle and thus increasing the illumination e�ciency.
Although the measured data of the illumination e�ciency
is lower than predicted due to the probabilities that the
minimally illuminated converter will be illuminated at a
level lower than a standard deviation below the mean, the
measured results are found to be in close agreement with
the theoretical prediction in trend. 	e data in both cases
shows that illumination e�ciency decreases rapidly for ratios
less than 10. In addition, the �- characteristics of series
connected PV converters measured at 1W/cm2, for di�erent
converter/speckle ratios, serve to the in�uence of the speckles
that worsen the device performance.
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