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Figure of Merit for Direct-Detection Optical Channels
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The capacity and sensitivity of a direct-detection optical channel are calculated
and compared to those of a white Gaussian noise channel. Unlike Gaussian channels
in which the receiver performance can be characterized using the noise temperature,
the performance of the direct-detection channel depends on both signal and back-
ground noise, as well as the ratio of peak to average signal power. Because of the
signal-power dependence of the optical channel, actual performance of the channel
can be evaluated only by considering both transmit and receive ends of the sys-
tems. Given the background noise power and the modulation bandwidth, however,
the theoretically optimum receiver sensitivity can be calculated. This optimum re-
ceiver sensitivity can be used to define the equivalent receiver noise temperature
and calculate the corresponding G/T product. It should be pointed out, however,
that the receiver sensitivity is a function of signal power, and care must be taken to
avoid deriving erroneous projections of the direct-detection channel performance.

I. Introduction

Optical communication technology can offer potentially
significant improvements in communication performance
compared to current RF links. Much of the gain in optical
receiver performance is due to the reduced operating wave-
length and hence the increased antenna directivity. The
small beam divergence resuiting from the short operating
wavelength implies that the received power needed for the
communication link can be achieved with a much smaller
transmit antenna aperture and a lower transmit power re-
quirement. A smaller aperture also implies a lower weight
communication package and hence an increased science
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payload capacity. Furthermore, a smaller beam divergence
implies that the aperture size of future deep-space optical
receiving terminals can be substantially smaller than the
present-day Deep-Space Network (DSN) receivers.

For RF Earth receivers, an effective measure of the re-
ceiver performance 1s the ratio of the receiving antenna
gain Gg to the system noise temperature 7Teq. The re-
ceived antenna gain Gg is proportional to the receiver
aperture area and hence the received signal power. The

channel efficiency, which is the maximum amount of infor-

mation that can be relayed per unit of received energy, '
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directly related to the receiver noise temperature. For RF
receivers, this Gg/T.q ratio, known as the Earth receiver
figure of merit [1], is directly proportional to the receiver
signal-to-noise ratio (SNR). Given the transmitter and the
link distance, the performance of the ground terminal can
be compared by calculating the figure of merit without
performing a complete end-to-end link analysis.

Since the Gg/Teq figure of merit is a convenient pa-
rameter to compare the receiver performance, it is desir-
able to extend the concept to optical frequencies and to
derive an equivalent figure of merit for optical receivers.
For coherent optical receivers, the extension is straightfor-
ward. The resulting receiver noise temperature is given by
Top = hf/kp, where hf is the energy of the photon and
kp is Boltzmann’s constant. For direct-detection receivers,
however, the concept of noise temperature cannot be ap-
plied directly. Although the minimum detectable power is
equal to the energy of a single photon, the receiver per-
formance can be effectively improved by trading the re-
ceiver sensitivity for increasing bandwidth [2,3]. In the
limit of infinite bandwidth expansion, the direct-detection
receiver can achieve very high channel efficiency that is
limited only by the background noise level. Furthermore,
unlike RF links where the channel efficiency depends only
on the receiver noise temperature, direct-detection optical
communication link performance is a function of both the
signal and noise powers, and the ratio of peak-to-average
signal power.

Because the performance of a direct-detection optical
channel depends on the peak and average signal power in
addition to the background noise, the performance of the
direct-detection channel can be evaluated only if both ends
of the link are defined. For a given background power and
bandwidth, however, there exists an optimum condition
under which the maximum amount of information can be
transmitted across the channel per received signal photon.
This optimal channel efficiency is achievable only under a
particular set of signal power and bandwidth constraints.
However, it allows one to derive an upper bound on the
direct-detection channel performance.

The purpose of this article is to present a simple calcula-
tion of the receiver sensitivity for an ideal direct-detection
optical channel subjected to a system bandwidth con-
straint. This optimal sensitivity can then be used to define
the equivalent receiver noise temperature of the direct-
detection channel. The equivalent Gr/T.q parameter can
then be calculated. Caution should be exercised, however,
when using this ratio as it behaves quite differently from
the corresponding ratio for RF systems.

Il. Figure of Merit for Communication Links

An important figure of merit of an RF communication
link is the channel efficiency Cg. The efficiency can be de-
fined as the maximum amount of information that can be
relayed per unit of received energy. For a white Gaussian
noise channel with noise power spectral density Ny, the
ideal channel efficiency is simply

!
Cg = 0—1620—8 (bits/joule) (1)

Given the amount of received signal power Ps, the channel
capacity, which is defined as the maximum data rate that
can be transmitted across the channel, is

Ps Ps

ATV TpToTnd (bits/sec) (2)

Rpax = PSCE =

Note that in the last equality we have replaced the noise
power spectral density with kpTeq, where kp is Boltz-
mann’s constant and Teq is the equivalent recelver noise
temperature. The channel efficiency and channel capacity
shown in Eqs. (1) and (2) are derived for additive white
Gaussian noise (AWGN) channels without bandwidth con-
straint. Practical systems, with a limited bandwidth ex-
pansion factor, will have lower channel efficiency and ca-

pacity.

The received signal power Ps is a function of the trans-
mit power, the transmitter and receiver parameters, and
the link distance. With a diffraction-limited transmitter
operating with aperture area Ar at a distance D, the sig-
nal power collected at the receiving terminal can be writ-
ten as

) Lr(0r)nrAr

1
Ps = ProrGr <:17T—D5

I

A 2
ProrGr (m) Lr(07)nrGr (3)

where npr and 7g are the transmitter and receiver eflicien-
cies, Gr and Gp are the transmit and receive antenna
gains, L7(0r) is the pointing loss for an angular pointing
error of 87, Ap is the receiver aperture area, and Pr is the
transmit power. The transmit and receive antenna gains
are defined as the ratio of far-field intensity when a signal
is transmitted from the antenna to that which is radiated
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from an isotropic radiator. For diffraction-limited aper-
tures, the on-axis antenna gain is related to the aperture
area and the operating wavelength A by

Gr = 4nAr/>\? (4a)

GR 47I'AR//\2 (4b)

Equation (3) shows that the total signal power received
is proportional to the transmit and receive antenna gain
and is inversely proportional to the link distance squared.
The received power scales inversely with A% because the
far field intensity from a diffraction-limited transmitter is
inversely proportional to A2, One should note that, al-
though the received signal power is directly proportional
to the receiver antenna gain in Eq. (4b), Eq. (3) does not
imply that a diffraction-limited receiver must be used to
collect the signal power. In fact, for a sufficiently large
receiver field of view, the received power depends only on
the total aperture area and not on the surface quality of
the receiver. A nondiffraction-limited receiver, however,
can admit much more noise power (Appendix A), or can
degrade or even preclude the use of some forms of signal
modulation.

By combining Eqs. (1) and (2), it is seen that the chan-
nel capacity is related to the transmit and receive param-
eters by

Roax =

1 log, e
(W) ProrGrLr(6r)nrAr (kBTeq) (5)

In general, it is desirable to derive a figure of merit which
1s independent of the link distance. For Gaussian channels,
one such parameter is the product of channel capacity and
link distance squared, RmaxD?, which is given by

1 log, e
RupaxD? = (E) ProrGrLr(0r)mrAr (kag'—;éq)

A\? log, e
= (H) ProrGrLr(07)nrGr (kBTeq)

(6)

The RmaxD? parameter defined in Eq. (6) is proportional
to the transmit antenna gain, the receiver area, and is in-
versely proportional to the receiver noise temperature. For
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a given transmitter power and aperture area, this parame
ter is proportional to Gr/Teq, which is commonly referre
to as the Earth receiver figure of merit. The Gr /T, fig
ure of merit is particularly useful in comparing different
RF system performances. This is because for RF systems
the transmitter aperture and available transmitter power
usually do not vary much. As aresult, the performance im-
provements are generally achieved by increasing aperture
area, reducing operating wavelength, and lowering the re-
ceiver noise temperature; in other words, by improving the
GRr/[Teq ratio.

lll. Direct Detection Optical Channel

As was mentioned earlier, the channel efficiency of an
ideal RF link, defined as the maximum amount of infor-
mation that can be relayed across the channel per unit of
received energy, is equal to log, e/kpT.q (bit/J). Note that
the channel efficiency depends only on the receiver noise
temperature 7.y and is independent of the signal power
and aperture size. This simple expression for channel ef-
ficiency emerges because the only noise source present in
the RF link model is the AWGN. An important aspect
of the AWGN channel is that the error rate performance
of the link depends only on the ratio of signal and noise
powers (signal-to-noise ratio). Consequently, the Gg/Teq
parameter, which is proportional to the SNR, is a good
measure of the receiver performance.

In contrast, the dominant source of noise in a direct-
detection channel is the shot noise inherent in the signal,
which cannot be modeled as AWGN. When detected using
a square-law detector such as a photodiode, the shot-noise
fluctuation can result in a fluctuation of the received pho-
tocount [4]. This self-noise fluctuation implies that, even
when the amount of background noise admitted by the
receiver is negligible, the number of photons collected (re-
ceived signal energy) over a period AT can still fluctuate.
It should be noted that the quantum fluctuation is also
present in the RF receiver. However, such a fluctuation is
usually ignored since the mean field is much larger than
the rms fluctuation.

It can be shown that, for reception of a coherent sig-
nal field and multimode thermal radiation, the photo-
counts follow Poisson statistics [5]. For detection of single-
mode background radiation, the photocounts follow Bose-
Einstein statistics. For most direct-detection receivers,
however, the large mode mismatch at the receiver implies
that more than one spatial and temporal mode is being re-
ceived and, in the limit of large mode mismatch, the back-
ground photocount process also exhibits Poisson statistics

[5].



Because of the Poisson nature of the counting process,
the direct-detection optical channel is also known as a
Poisson channel. The received photocount over a given
interval, AT, which contains contributions from both sig-
nal and background noise, can be modeled as a Poisson
random variable with mean and variance given by [6]

< N> = (As-{—/\B)AT
Var[N] = < N > = (As + Ap)AT (M)

where Ag and Ap are the detected signal and background
photocount rates measured in photons per second. The
photocount rates are related to the power input by [5]

_ np

As = -—hfPs (8&)
_ &b

Ap = —-hfPB (8b)

where np is the detector quantum efficiency, and hf is the
energy of the photon at the operating wavelength. Equa-
tion (7) showed that the variation in the received pho-
tocount depends on both signal and background power.
Because of this signal-dependent fluctuation, the receiver
performance will depend on both signal and background
power instead of a single quantity (signal-to-noise ratio).

The channel capacity and energy efficiency of an ideal
direct-detection channel has been evaluated by several au-
thors [2,3,7-9]. It has been shown that, for a direct detec-
tion channel with peak signal power Ps and an average to
peak signal power ratio of o, the channel capacity is given
by [8.9]

Rmax = logs e As [(} (L’Lﬂ) In (1 +p)
p P

), (152)] o

1
—(1-¢)=In —(
( q)p P
where
p=As/Ap=Ps/Pp (9b)

is the peak signal to background power ratio, and

(1+p)/p
¢ = min ((%’3) pMPle — p, cr) (9¢)

The quantity § is the ratio of average to peak signal power
that achieves the channel capacity. When there is no av-
erage power constraint, that is, when

(1+p)/p
1
(50) s

the channel capacity is limited only by the available peak
signal power at the receiver. In this case the channel ca-
pacity is log, egAs. Note that ghs is simply the average
signal count rate. In other words, given the peak signal
count rate Ag, the maximum rate for which the informa-
tion can be relayed across the channel is simply equal to
the number of average received signal photons per sec-
ond times log, e. Equivalently, the channel can transmit
log, e &~ 1.44 bits per photon received.

On the other hand, when

1 (1+p)/p
[CoORE

the channel is said to be average power limited. The chan-
nel capacity decreases with decreasing average signal count
rate, oAs. However, for a.constant peak signal count rate,
the amount of information carried per signal photon, ie.,
the chanmnel efficiency, increases with decreasing average to
peak power ratio, o. Given the peak signal to background
power ratio, p, the channel efficiency is given by

_ Inge Rmax
Ce = “hf s
- () (12)
hf p P
1+ 144
- I -—&_;q—”ln(lwp)] (10)

The photon efficiency of the channel, which is defined as
the maximum amount of information relayed through the
channel per photon, is related to the channel efficiency by
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Con = hf Cg

1+p) (1+p)
log, e 1
& [( p )\ p

I+p 1+qp - ]
Inp — — In(1 + 11
- p 7 (1+qp) (11)

In the limit as the average to peak signal power ratio goes
to zero, the photon efficiency is given by

ImCpn = log,e

X [(1+p)]n(l+p)+llnp+lnp—l
p p p

(12)

Equations (9) through (12) illustrate an important aspect
of the direct-detection channel; namely, the receiver sen-
sitivity i1s a function of the average to peak signal power
ratio (duty cycle), as well as the signal and noise power
levels. Furthermore, one can trade bandwidth for receiver
sensitivity by choosing modulation schemes with low av-
erage to peak power ratio. Plotted in Fig. 1 is the limiting
receiver sensitivity as ¢ — 0 versus the signal power to
background noise ratio, p. As expected, the photon effi-
ciency increases indefinitely as the amount of background
noise decreases. Consequently, the limiting efficiency of a
direct-detection channel is limited only by the amount of
background noise the receiver collects.

Given the peak signal count rate Ag, the channel ca-
pacity (data rate) can be optimized by letting the average
count rate approach

(14 p/0)M*P7% 53 fe = p| As

In this case, the limiting receiver sensitivity is log, e bits
per photon. For near-Earth links where maximum data
rate, and not maximum photon efficiency, is desired, the
link should operate with average to peak signal power ratio
equal to
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Since the channel capacity is achieved with a relatively
high average to peak power ratio, semiconductor lasers,
which can be modulated at a higher bandwidth, are more
suitable for achieving high data rates. On the other hand,
for a deep-space link where high power efficiency is de-
sired, one should operate the link with a low average to
peak power ratio, i.e., by choosing laser and modulation
schemes such that ¢ — 0, while holding the average power
constant. Solid-state lasers, which can provide high peak
power with a low duty cycle, are ideally suited for such
applications.

IV. Bandwidth-Limited Direct-Detection
Channel and Its Figure of Merit

In practice, the limiting performance given by Egs. (9)
through (12) cannot be achieved. Several factors con-
tribute to the limitations on channel performance [10].
First, the timing resolution (bandwidth) of the receiver is
limited by the response of the photodetector material, the
timing resolution of the photodetector/preamplifier assem-
bly, and the complexity of the decoding electronics. Fur-
thermore, the bandwidth of the channel is affected by the
modulation bandwidth of the laser. The maximum timing
resolution at the receiver is bounded by the uncertainty
principle to approximately 0.1 psec [10], and, in practice,
the detector timing resolution is limited by the complexity
of the electronics to approximately 1 nsec.

The amount of background noise admitted by the re-
ceiver is, in principle, limited only by the optical back-
ground noise. Even when the Sun (6000 K) is in the field
of view, a diffraction-limited receiver with a 1-GHz-wide
predetection filter will observe only 2.5 x 10% background
counts/sec when operating at 532-nm wavelength. In prac-
tice, the nondiffraction-limited receiver admits much more
background noise (Appendix A), and the predetection fil-
ter is usually much wider than the signal bandwidth. Fur-
thermore, detector dark counts constitute an irreducible
background level which is present even when no bright
background object is absent. As a result, a practical re-
ceiver will admit much more background noise than the
thermal background noise limit.

Another factor affecting channel performance is the av-
erage to peak signal power ratio. Although in principle an
infinite peak to average power ratio is achievable, the max-
imum achievable peak to average power ratio for a solid
state laser is limited by the laser parameters such as the
pump power to threshold power ratio. A practical direct-
detection channel will reach its complexity and bandwidth
expansion limit long before it reaches the capacity limit.



As a result, a practical direct-detection channel will have
performance that is much less than the theoretical thermal
background noise limit as predicted by Pierce and Posner

3}

Shown in Table 1 is a list of projected parameters for
direct-detection receivers. For short-term development
support, a I-m diffraction-limited telescope can be used
to collect the downlink signal. The blur circle diameter
of the 1-m diffraction-limited telescope is limited by at-
mospheric seeing to approximately 20 times its diffraction
limit. Actual operational support for deep-space missions
is planned by using several 10-m-class photon-bucket re-
ceivers to provide spatial diversity reception. The blur
circle diameter of the 10-m photon-bucket is estimated
to be approximately 2000 times more than an equivalent
diffraction-limited aperture. The substantially worse sur-
face quality implies that a much larger amount of back-
ground noise will be collected by the 10-m receiver. How-
ever, the larger collecting area can actually result in an
improved system performance. A prototype research and
development station, the Deep Space Optical Receiving
Antenna (DSORA), is currently being studied by JPL,
and a facility construction request for DSORA has been
submitted to NASA for a projected 1997 start. The pa-
rameters shown in Table 1 are the projected parameters
for DSORA.

It is seen from Egs. (9) through (11) that the perfor-
mance of direct-detection optical channels is determined
by the average and peak signal powers, as well as the back-
ground noise power. Given a set of link parameters, the
average signal and background powers can be calculated
using Eq. (3) and Appendix A. For a constant average
signal power, the channel performance can be improved
by increasing the peak power to average signal power ra-
tio. Since the receiver bandwidth limits the maximum
rate at which arriving photons can be distinguished, the
peak signal count rate, Ag, of a practical direct-detection
channel is simply equal to its receiver bandwidth limit.
Based on the receiver bandwidth and average signal and
background power, the channel efficiency and capacity of
a band-limited direct-detection channel can be calculated.
The equivalent noise temperature of the optical receiver
can then be defined by equating the optimum channel ef-
ficiency with log, e/kpTeq. That is,

C = _gBl’_ = Inge
Emax = hf -_ kBTeq

(bits/joule) (13)

This equivalent noise temperature represents an upper
bound of the direct-detection link performance. For a con-

stant transmit power and aperture, the G/T figure of merit
can be defined as:

(47 Ar/A?)

T (14)

(G/T)optical = TR

where T.q is the equivalent noise temperature as given
by Eq. (13), and ng is the combined efficiency of the re-
ceiving optics and detector. The G/T ratio defined in
Eq. (14) may also be interpreted as the equivalent G/T
ratio needed to achieve similar performance for a coherent
receiver. Since the direct detection receiver is not actu-
ally diffraction limited, we should refrain from calling the
quantity in the numerator the receive antenna gain. One
should note that the figure of merit as defined in Eq. (14)1s
calculated only under fixed signal and background power
levels and receiver bandwidth. The figure of merit will
vary as the link distance and power level change. There-
fore, care should be taken when using the figure of merit
to estimate the link performance at different power levels.

The projected performance of the direct-detection re-
ceiver is calculated and summarized in Table 2. The re-
ceiver figures of merit are calculated under night sky view-
ing and when Saturn is within the receiver field of view.
The spectral irradiance of the night sky is assumed to be
5x 10~% W/m? -sr-mm. Given the background irradiance,
the receiver bandwidth, and the optics efficiency, the total
amount of background power collected by the receiver can

“be calculated. The maximum photon efficiency can then
“be calculated by assuming a modulation format with very

small average to peak signal power ratio (¢ — 0). Shown
in Table 2 are the maximum photon efficiencies achievable
given the bandwidth and background noise constraints. It
is seen that, when viewing night sky only, a photon effi-
ciency of 15.2 bits/photon can be achieved with the 1-m
receiver, whereas 19.8 bits/photon can be achieved using
the 10-m photon bucket. When Saturn is in the field of

“view, however, the efficiency decreases to 9.3 bits/photon

for the 1-m receiver and 7.7 bits/photon for the 10-m pho-
ton bucket. The better performance of the 1-m receiver
when Saturn is in the FOV is due primarily to the reduced
background power. The equivalent noise temperature of
the receiver is then calculated using Eq. (13). The calcu-
lated equivalent noise temperatures are between 1970 and
95700 K when viewing night sky and between 4200 and
5070 K when Saturn is in the field of view.

Based on the equivalent noise temperature, a G/T fig-
ure of merit can then be calculated. The calculated re-
ceiver figure of merit is between 86.1 and 88.2 dB/K for
the 1-m photon bucket and between 109.5 and 113.6 dB/K
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for the 10-m photon bucket. The variation is due to the
reduction in receiver sensitivity due to the presence of
background noise. One should note that the term Gpg in
Eq. (14) bears no relationship to the actual antenna gain,
which is defined using its effective isotropic radiated power,
since the photon bucket is not diffraction limited. Further-
more, the optimal receiver noise temperatures shown in
Table 2 are calculated by assuming a low modulation duty
cycle (¢ — 0) and a large bandwidth expansion factor. As
a result, the limiting performance calculated in Table 2
is achievable only under a very low data rate. Practical
direct-detection channels operate with a nonzero average
to peak power ratio and hence have a higher noise temper-
ature than that shown in Table 2.

V. Pulse Position Modulation for Direct-
Detection Optical Channel

One practical modulation scheme which has low average
to peak power ratio is pulse-position modulation (PPM},
in which the information is conveyed through the channel
by the time window in which the signal pulse is present
[11,12]. In an M-ary PPM channel, each code word pe-
riod is divided into M time slots. The transmit alphabet
contains M symbols. Each symbol has a unique pulse lo-
cation within the M time slots. At the receiving end, the
decoder simply inspects the time windows and determines
which time slot contains the signal pulse. Direct-detection
PPM has been shown to be very effective in achieving high
energy efficiency [13-15]. In the limit of infinite bandwidth
expansion, i.e, at M — oo, PPM can achieve a photon ef-
ficiency limited only by the background noise level. Prac-
tical implementation constraints [10], however, limit the
maximum order of PPM and hence impose an upper limit
on the receiver sensitivity.

As expected, the performance of a PPM channel de-
pends on the peak signal count rate, Ag, the background
count rate, Ag, the modulation slot time, AT, and the
order of modulation, M. Detailed derivation of the PPM
channel capacity is given in Appendix B. Given the signal
and background powers and slot time, AT, there exists a
modulation order M that optimizes the channel efficiency.
Shown in Fig. 2 are the maximum values of photon effi-
ciency versus the average signal counts per slot for several
background powers. Shown in Fig. 3 are the correspond-
ing PPM alphabet sizes which achieve maximum photon
efficiency. The maximum PPM order was artificially con-
strained to 256 to illustrate the effect of limited modula-
tion bandwidth expansion. At high signal powers, the sen-
sitivity of the receiver is limited by the modulation band-
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width, 1/AT, and the photon efficiency decreases with in-
creasing average signal power. As the average power de-
creases, the photon efficiency can be improved by using
a higher order PPM. If the maximum order of PPM is
constrained, however, the photon efficiency will eventually
reach a maximum. Further decrease in signal power will
result 1n reducing photon efficiency. The sharp corners for
the curves in Fig. 2 near 0.01 average signal counts/slot
are due to the limiting PPM alphabet size.

It is seen from Fig. 2 that, in the limit of large signal
power, the receiver sensitivity decreases. IHowever, the
channel capacity per slot, Rmax AT, approaches a constant.
This is because at high signal power, Ryax 1s limited by
the bandwidth. Shown in Fig. 4 is a plot of the capacity
per slot versus the average signal count rate. Note that
the limiting performance of approximately 0.53 bit/slot is
achieved with average signal count per slot greater than 5.

The performance of the PPM modulated channel can
be compared to that of a channel constrained only by the _
bandwidth. Shown in Table 3 are link design tables for the
theoretically limited channel and two examples of PPM
channels. It is seen that, for a Saturn return link using a
2-W transmitter and a 60-cm-diameter aperture, the max-
imum data rate sustainable is 52 Mbps. The maximum
photon efficiency is 6.1 bits/photon and the equivalent
noise temperature is 6,400 K. The capacity of an M-ary
PPM channel, on the other hand, is somewhat lower. For
a PPM channel with a 10-nsec slot time, the capacity is
approximately 15 Mbps with an equivalent noise temper-
ature of 22,170 K. For a PPM channel with a 1-nsec slot
time, the capacity is 32 Mbps with an equivalent noise
temperature of 10,240 K. Note that the effective photon
efficiency and hence the receiver noise temperature change
with modulation format. The R x D? parameter can also
be calculated based on realistic link parameters. Recall
that the figure of merit defined in Eq. (14) is achievable
only at the optimal signal level and modulation format.
For a Saturn return link with the parameters shown in Ta-
ble 3, the achievable photon efficiency is 6.1 bits/photon.
This is very close to the 7.7-bits/photon limit based on the
noise power. The resulting maximum R x D? parame-
ter is approximately 320 dB. For a PPM channel with a
1-nsec slot time, the R x D? parameter is approximately
318.5 dB.

VI. Conclusion

The discussion of the direct-detection channel above
illustrates the difficulty in defining a figure of merit of
the direct-detection receiver. The Poisson statistics imply



that the system cannot be characterized using only the
signal-to-noise ratio. Instead, receiver sensitivity depends
on both signal and noise power. Furthermore, sensitivity
depends on the modulation format. One can trade system
bandwidth (via reducing the average to peak power ratio)
for photon efficiency. As a result, the performance of the
channel can be characterized only by defining both ends
of the system contrary to the microwave case.

Although the actual performance cannot be defined
without knowing the signal and background powers, one
can derive the limiting channel capacity based on the back-
ground noise power and bandwidth constraints and, from
the limiting channel performance, define an equivalent re-
ceiver noise temperature. The system performance calcu-
lated using the G/T parameters, therefore, can be used
as an indicator of the limiting channel performance given
the bandwidth and noise power constraints. Based on the
projected receiver parameters shown in Table 1, it is seen
that the maximum G/T ratio for an optical receiver in 10
to 15 years is 113.6 dB/K when operating under a night-
sky background. When Saturn or Jupiter is within the
field of view, the G/T ratio decreases to approximately

109.5 dB/K. The limiting G/T performance calculated
above is achieved at low average to peak power ratio and,
consequently, at a very low datarate. For the practical link
shown in Table 3, the G/T ratio is between 103.0 dB/K
for a 16-ary PPM channel with a 10-nsec slot time, and
108.4 dB/K for a 64-ary PPM with a 1-nsec slot time.

It should be emphasized that the G/T ratio calculated
in this article is an indicator of the limiting channel perfor-
mance given the bandwidth and noise power constraints.
Practical system performance can be substantially im-
proved by increasing the receiver bandwidth. Further-
more, unlike RF channels where the noise temperature can
be easily measured using a known background source, the
equivalent noise temperature of a direct-detection PPM
channel depends on both peak signal to background power
ratio, p, as well as the average to peak signal power ratio,
o. Changes in link parameters such as aperture size, link
distance, and transmitter power can result in changes in
signal and noise powers admitted by the receiver and hence
in the equivalent noise temperature. As a result, care must
be taken in applying the equivalent noise temperature and
hence the G/T ratio in projecting direct-detection link per-
formance.
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Table 1. Projected recelver parameters for a direct detection optical receiver.

Parameters Near term Projected in 10-15 years
Detector quantum efficiency, pm 0.5 at 0.532 0.8 at 0.532
Receiver optics efficiency 0.4 >0.5
Filter transmissivity 0.6 >0.8
Filter bandwidth, nm 0.1 <0.001
Receiver diameter, m =1 diffraction limited 10, photon bucket
Receiver spatial mode mismatch 23400 ~4 x 108
Temporal bandwidth mismatch x5 x 102 12
Receiver bandwidth, MHz 200 1000
Maximum data rate, Mbps 106 530
Detector dark count rate 2,000 200
Operating wavelength, nm 532 532

Table 2. Loss factors for a direct detection ground receiver.

Near ferm In 10-15 years

Time, years ’
Night sky only Saturn in FOV  Night sky only Saturn in FOV

Antenna gain, dB? 134.5 134.5 154.5 154.5
Efficiency, dB

Optics efficiency —6.2 —6.2 —-4.0 —4.0

Detector quantum efficiency -3.0 -3.0 -1.0 -1.0

Atmospheric attenuation® -3.0 -3.0 -3.0 -3.0
Receiver bandwidth, MHz 200 200 1000 1000
Total background count rate 2000 1.2 x 10° 400 1.8 x 108
Maximum photon efficiency, bits/photon 15.2 9.3 19.8 7.7
Equivalent noise temperature, K 2570 4200 1970 5070

Figure of merit, dB/K 88.2 86.1 113.6 109.5

2 Antenna gains are calculated by assuming the telescopes have 18.5-percent central obscuration area.

b Assume single site, 65-percent weather confidence at 30-deg elevation.
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Table 3. Projected link performance for a Saturn return link using a 1-GHz bandwidth receiver.

Parameters

Theoretical limit

MPPM (10-nsec slot time)

MPPM (1-nsec slot time)

Transmitter power, W
Transmitter aperture, cm
Transmitter optics efficiency
Link distance, AU

Atmospheric attenuation
Receiver aperture, m

Receiver optics efficiency
Narrow-band filter transmission
Filter bandwidth, nm

Detector quantum efficiency
Receiver spatial mode mismatch
Receiver bandwidth, MHz

Modulation
Slot width, nsec
PPM order

Background count rate

Signal photocount rate

Effective photon efficiency, bits/photon
Effective noise temperature, K
Channel capacity, Mbps

G/T value, dB/K

RmaxD?, dB(m?/sec)

2
60
>0.5
10
0.5
10, photon bucket
>0.5
>08
<0.001
0.5
4x 108
1000
N/A

1.8 x 10% (Saturn in FOV)
8.6 x 10°
6.1
6,400
52
108.4
320.7

2

60
>0.5
10
0.5

10, photon bucket
>0.5
>0.8
<0.001
0.5
a4 x 108

1000

10
M=16

1.8 x 10% (Saturn in FOV)
8.6 x 108
1.76
22,170
15.1
103.0
315.3

2

60
>0.5

10

0.5

10, photon bucket

>0.5
>0.8
<0.001

0.5

&4 x 106

1000

1
M =64

1.8 x 108 (Saturn in FOV)
8.6 x 108
3.81
10,240
32.7
106.4
318.7
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Appendix A

Received Background Power Calculation

The intensity pattern at the receiver focal plane can be
related to the incoming signal amplitude and the wavefront
quality of the primary aperture. For simplicity, it will
be assumed that the incoming signal is a plane wave and
that all the distortion due to the optical system can be
summarized by the wavefront distortion of the primary
aperture, A(x), where x is the coordinate in the aperture
plane. If it is further assumed that the incident light beam
has unit intensity and is incident from an angle 85 from
the surface normal, the focal plane intensity pattern can
be expressed as

Iy(r) = (%)2I}'[A(x)eiksx]r/urcosﬂg (A-D)

where r is the coordinate in the receiver focal plane, A is
the wavelength, f is the focal length of the optical sys-
tem, and kg is the incident wave vector. The factor cosfs
in Eq. (A-1) accounts for the reduction in signal inten-
sity when the aperture is illuminated off angle. Equation
(A-1) can be simplified by noting that the Fourier trans-
form of a tilted wavefront results in a translation on the
receiver focal plane:

v = () B[]

where A(r) is the Fourier transform of the aperture dis-
tortion function A(x). The translation on the focal plane,
ug, is related to the angle of incidence by

cosflg (A-2)

jlug| = fcosbs (A-3)

The amount of power received by the detector is simply
the integral of Eq. (A-1) over the detector area:

Pr = / wy ()T (r)d?r (A-4)

where J;(r) is the intensity distribution over the detector
focal plane, and wy(r) is the detector aperture function;
wy(r) = 1if r < rp,and wy(r) = 0if r > rp. The inte-
gration of Eq. (A-4) can be equally carried out in angular
space. The detector’s angular field of view, Qp, defines the
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boundary of integration, and Eq. (A-4) can be equivalently

written as
1 9—0g
ro= [ w4 [(555)]
R np A2 )

The receiver aperture, in principle, can be used for
transmitting a signal. The far-field amplitude can again
be related to the wavefront at the aperture using a Fourier
transform relationship. The antenna gain G(Q) is defined
as the intensity at far field versus that of an isotropic ra-
diator. That is,

2

cos QgdQ (A-5)

4722

Pin (A-ﬁ)

G(Q) =

1(Q)

where P, is the input optical power, and z is the prop-
agation distance. The far field intensity pattern resulting
from an aperture pattern of A(x) can be given by

0 () hs

By substituting the far field intensity pattern into the ex-
pression for antenna gain, it is seen that the antenna gain
can be related to the Fourier transform of the aperture by

A[3]

Given the relationship between antenna gain and signal
intensity, the total amount of background power received
can then be calculated. The amount of power radiated by
a patch of sky with solid angle d2s can be characterized
by Planck’s radiation law. The intensity of light as seen
on the receiver aperture can be written as

2
(A-7)

16 2

By o

G(8) =

2%hf 1
Idns = (v> mnBAfdQS (W/cm2;1m)

(A-9)

where the factor of 2 came from the two orthogonal po-
larization modes, and the parameter 7 is the emissivity of



the blackbody. By combining Egs. (A-1) through (A-9),
the total power collected on the receiver from a patch of
background source that subtends the solid angle dQs is
given by

1
Pr(05)d2s = / —
(05)dS2s o, 3

Ar—u52
5

x cos f5 — 2nhiB -BAJdQsdQ

S/ksT _

- /QD (1‘(?;2) G(6 - bs)

2nhfB
x cosfs eI TkeT(9s) — |

AfdQdQg

(A-10)

Integration of Eq. (A-10) over the entire sky then gives the
expression of total background power collected.

= [ ()ou-»

x cosfg hthfB dQdQs
e 1

ITkeT — 1 (A-11)

where the integration is performed first over the detector
field of view, Qp, then over the extent of the background
source distribution. For a nondiffraction-limited receiver,
the integral given by Eq. (A-11) can be substantially larger
than the power received by a single mode receiver. Conse-
quently, a nondiffraction-limited receiver can admit much
more noise than a diffraction-limited one.

A simple figure of merit of the optical receiver is the
number of background noise modes it collects. This spatial
mode mismatch factor, Fg, is given by

d2
o = /,/ (16§2> G(8 — 0s) cos §5dQ2d2s  (A-12)
p

The number of background modes, Fg, varies from 1 for a
diffraction-limited receiver to greater than 2 x 10° for the
proposed 10-m photon-bucket receiver.
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Appendix B

Capacity of Optical PPM Channel

The capacity per channel use for a general M-ary chan-
nel is defined as

C = Ixiy) = Hy)-Hyk)  (B-1)

where x and y represent the transmit and receive symbol
sets, respectively, I(x;y) is the mutual information func-
tion, H(y) is the entropy of y, and H(y|x) is the condi-
tional entropy function. The capacity per transmission is
given as the entropy of the received symbol set minus the
amount of conditional entropy between the transmission
and reception signal set. If the transmission is perfect, the
conditional entropy between x and y is zero, and the ca-
pacity per transmission is simply equal to the entropy of
the signal set.

For PPM systems, the demodulator can be imple-
mented as follows: The receiver simply counts the number
of photons that are received during the M time slots, and
then chooses the slot with the largest photocount. If there
is more than one slot having the largest count, the demod-
ulator can either randomly choose between these slots, or
it can assign a special erasure symbol to the output. In the
first case, the PPM channel can be modeled as an M-ary
symmetric channel with probability of correct reception p,
and probability of erroneous decision ¢, for each of the re-
maining (M — 1) symbols. The probabilities p and ¢ are
given by

_ 1 keimis o~ (Ks+EB)* _(koika)
p_ﬁe s B+Z___—e( s+Ks

k!
k=1

k-1 M-1
X Z .]_(.'Ee"KB _1_ [(1 +a)M — 1]
m! aM

m=0

K: [ kD

e !
k! = m!

(B-2a)

a=

¢g= (1-p)/(M-1) (B-2b)

where Kg = AsAT and Kg = AgAT are the average
signal and background counts received during one time
slot. By assuming that the M transmission symbols have
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equal probability, the capacity per word (channel use) for
this M-ary symmetric channel is given by

Cmsc = log M +plogp+ (M — 1)qlogg (B-3)

Similarly, the PPM channel can also be modeled as an
M-ary erasure channel with probability of correct trans-
mission a, and probability of erasure . The probability
of erroneous decoding to the remaining (M — 1) symbol is
given by # = (1 — « — v)/(M — 1). The probabilities can
be given by

_ Z (Ks + KB)" +KB) o~ (Ks+Kp5)

(B-4a)

> Kk g M=
p= - e |5 M
k=1 m=0

k-1 e m
5 B oxsoro) - (ay
m=0 '

y=l-a—-(M-1p8 (B-4c)

Again, if it is assumed that the transmission symbols
have equal probabilities, the capacity per channel use is
given by

M
Cmec = (1-17)log T

+aloga+ (M — 1)8log 8 (B-5)

In the limit where the background noise is zero, the prob-
ability of error 3 goes to zero, and the capacity (per word)
of the PPM channel reduces to the familiar form for the
M-ary erasure channel studied by Pierce:



Cmec = alogM = (1-e"5)logM (B-6)  The capacity per second, Rmax, is given by

The capacity per channel use is slightly different for CumEC
the two demodulation schemes. For this calculation, the Ryax = MAT (B-8)

M-ary PPM channel is modeled as an erasure channel.

and the capacity per slot, Car, is simpl
Given the capacity per channel use and the expected pacly A Py
signal count, the photon efficiency, Cpn, is given by
CMEC
Car = —— (B-9)

Con = CMec/Ks (B-7) M
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