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Abstract—A theoretical and experimental investigation of the
effects of high-order nonlinear distortion products produced by
directly modulated semiconductor lasers on the performance
of high-loss analog optical communication links requiring large
RF dynamic range is reported. In order to provide sufficient RF
dynamic range to support radio services in links with high optical
transmission loss, for example in radio over free-space optics
(RoFSO), while keeping costs low, it is necessary to use directly
modulated lasers. However, in these applications the lasers must
be driven to high modulation depths to maximize dynamic range.
Simulations show that under these unique conditions the first
detectable nonlinear distortion is often the result of dynamic
distortion due to the laser being driven near threshold. It is shown
that this type of distortion is characterized by a sharp increase in
the contribution of high-order (fourth order or greater) nonlinear
terms resulting from the influence of laser relaxation oscillations.
As a consequence, the third-order spurious-free dynamic range
(SFDR) metric no longer accurately reflects the performance of
such links as it assumes that third order effects are dominant.
An alternative measure of dynamic range called dynamic-distor-
tion-free dynamic range (DDFDR) is proposed. This differs in
that the upper limit is defined as the modulating power at which
the peak optical modulation index (OMI) reaches unity. At this
point the error vector magnitude (EVM) measured for a range of
different wireless services starts to increase rapidly due to high
order distortion. This makes DDFDR a practical, service-indepen-
dent metric of dynamic range. For two different wireless services
it is observed experimentally that on average the DDFDR upper
limit predicts the EVM knee point to within 1.1 dB, while the
third-order SFDR predicts it to within 6.2 dB. The DDFDR is thus
shown to be a more accurate indicator of real link performance
when high-order distortion is dominant.

Index Terms—Dynamic distortion, free-space optics, nonlinear
distortion, optical modulation, spurious-free dynamic range
(SFDR).

I. INTRODUCTION

W IRELESS communications systems are an increasingly
important and ubiquitous feature of modern society.

With mobile data rates set to increase from 14 Mbps (3G) up
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to 100 Mbps (4G/LTE) it is becoming increasingly difficult to
provide the required radio signal quality to users distributed
over large areas. This is especially challenging in indoor envi-
ronments, which is of particular concern because over 70% of
mobile traffic originates indoors [1].
Better signal coverage and quality can be achieved using dis-

tributed antenna systems (DAS). Radio-over-fiber (RoF) has
been shown to be a cost-effective and high-performance means
of distributing broadband analog radio signals to remote an-
tennas in DAS [2]. The fiber infrastructure requirement of RoF
links can be very expensive and so in some DAS installations
it may be desirable to replace them with radio over free-space
optics (RoFSO) links. Such systems have been proposed for nar-
rowband single-service cellular applications [3], [4] and also
for broadband multi-service applications [5]. In order to be an
economically viable alternative to a broadband RoF link, any
RoFSO link must be low-cost, broadband and provide compa-
rable performance.
Because of optical alignment tolerances, free-space loss and

coupling loss, RoFSO links have to accommodate an optical
loss significantly greater than RoF links. This loss will be time
variant but over short periods of time can be considered to re-
main constant. The noise floor of these high-loss links is domi-
nated by thermal noise in the receiver. Noise caused by scintil-
lation is ignored because it is sufficiently low frequency (
Hz) and its effect is small over short distances indoors [6]. The
noise figure of the link, defined as the decrease in SNR in dB,
increases with the optical loss and in doing so restricts the lower
limit of the RF dynamic range. In order to provide large RF dy-
namic range it is then necessary to push operation closer to the
upper limit of the optical link RF dynamic range, which is lim-
ited by nonlinearity in the transmitter. To do this without using
costly optical amplifiers or high power lasers, it is necessary
to operate lasers at the maximum optical modulation depth. To
keep RoFSO links relatively low-cost compared with their RoF
counterparts this should be done using directly modulated semi-
conductor lasers as the source and a photodiode detector as the
receiver.
These operating conditions make such links susceptible to

high-order (i.e., greater than third order) nonlinear behavior
which is generated in directly modulated semiconductor lasers
as the peak OMI approaches unity, and which is called dynamic
distortion. The effect of this behavior on the link performance
is examined both theoretically and experimentally. It is found
that the usual figure of merit for analog optical links, third-order
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Fig. 1. Example IM-DD RoFSO system being used in a DAS.

SFDR, no longer accurately reflects the performance of such
links as it assumes that third order effects are dominant. When
dynamic distortion is dominant it is found that the dominant
order of distortion at the input power that causes the first
intermodulation distortion (IMD) product to be greater than the
noise floor is high but not readily predictable. This is the first
time that the practical implications of this high-order distortion
on the performance of optical communication links have been
investigated.
It is demonstrated that in such a regime a new metric called

dynamic distortion free dynamic range (DDFDR), which is the
RF dynamic range where the OMI of the laser output remains
less than unity, can be a better indicator of link performance.
Like third-order SFDR, DDFDR uses the noise floor as its lower
limit but the upper limit uses the peak modulation power at
which peak OMI reaches unity. This upper limit is bandwidth-
independent and is the same regardless of the actual dominant
order of distortion. At this upper limit the EVM performance
of all real wireless services carried on the optical link starts to
increase rapidly due to the very rapidly increasing distortion, re-
gardless of service. The measure is thus service-independent. It
is, however, only valid for systems where dynamic distortion is
dominant.
An example high-RF-power high-loss optical link is used to

confirm experimentally the presence of dynamic distortion and
its effect on third-order SFDR, and to validate the proposed
DDFDR metric. It is shown that when high-order dynamic dis-
tortion is dominant DDFDR is a better predictor of EVM per-
formance at the onset of distortion than third-order SFDR.

II. HIGH-RF-POWER HIGH-LOSS OPTICAL LINKS

Some optical links are required to run under conditions of
high optical loss (or losses which are time varying and can
reach high levels) compared with standard fiber links, for ex-
ample links using lossy polymer optical fiber or free-space op-
tical (FSO) links. The noise figure of such links can be calcu-
lated from the link budget if the gain and noise figure of each
device are known [7]. As the optical loss increases shot noise
and then thermal noise at the receiver begin to dominate. The
overall noise figure of the link also increases. This restricts the

lower end of the RF dynamic range because the RF signals have
insufficient SNR.
To provide a large RF dynamic range to transport radio

services such links must allow operation up to higher RF power
levels, where distortion caused by nonlinearity imposes an
upper limit. This is achieved by increasing the power of the RF
modulating signal, meaning that such links can be considered
high-RF-power compared to standard fiber links. Many real
radio services have a high tolerance to error (for example 3GPP
allows 17% EVM [8]) so can provide acceptable performance
when a significant amount of nonlinearity is present. Such links
can be operated at high-RF-power levels as a practical means
of providing large RF dynamic range.

Free-Space Optical Links

FSO links are constructed from an optical transmitter, typ-
ically a laser, and an optical receiver, a light detector usually
consisting of a focussing element and a photodiode. Such
links usually transmit digital modulated signals but have
been designed to support direct transmission of analog RF
signals through analog RF modulation [4]. This has been
achieved using a simple intensity modulation (IM) scheme at
the transmitter and a simple direct detection (DD) scheme at
the receiver followed by an amplifier [5]. An example IM-DD
RoFSO system is illustrated in Fig. 1.
The modulation could be done using an external modulator

integrated with a laser via photonic integrated circuit (PIC) tech-
nology. However, the use of external modulators is still con-
sidered to be impractical since it is more expensive than di-
rect modulation [9]. Direct modulation of laser diodes has been
shown to provide dynamic range performance comparable with
externally modulated sources at lower cost [10].
1) Optical Loss in FSO Links: FSO links are prone to mis-

alignment due to pointing error, vibrations, expansion of build-
ings and gradual shifting of mounts. This beam misalignment
causes significant power loss and has been mitigated using au-
tomatic electromechanical tracking systems [11]. Low-cost sys-
tems requiring only manual alignment have been designed using
highly divergent beams that create large beam spots at the re-
ceiver [12]. This introduces a large power loss because only a
small fraction of the transmitted power is received. This loss
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could be avoided with a large optical receiver but these are dif-
ficult to make.
The propagation loss for FSO links varies with time due

to building movement and vibration. This variation has been
shown to be relatively slow (a few kHz) compared to the band-
widths of many RF services (greater than 100 MHz) and so the
loss can be considered constant over the course of a single test
measurement [11]. For the same reason scintillation effects can
be ignored for these short distances [6]. Using typical figures
for the required beam divergence to allow for alignment error
(1–5 mrad) and for the diameter of the optical receiver, the
geometrical propagation loss is in the range 0.6–17 dBo [13].
Optical decibels (dBo) are used to distinguish optical power
loss from RF power loss for clarity.
In addition, published experiments have found unavoidable

optical coupling losses of 8–14 dBo [4], [11]. The minimum
total optical loss in a FSO link with optimum alignment is there-
fore 8.6 dBo. By comparison, for fiber links of typical indoor
DAS spans (50–100 m) the optical loss is expected to be less
than 0.5 dBo in addition to laser coupling losses of 3–4 dBo.
FSO links can therefore be considered to be high-loss relative
to fiber links.
2) RF Transmit Power in FSO Links: Radio services must

handle a large dynamic range of received powers on the up-
link due to the near—far effect which must be supported by
the RoFSO link. The lower end of the RF dynamic range of
the RoFSO link is limited by the attenuation of low power sig-
nals and the thermal noise floor of the receiver. This could be
overcome by amplifying the optical signal but optical ampli-
fiers are too expensive for such low-cost systems. A lower-cost
strategy is to increase the output power of the laser and increase
the power of the RF modulating signal.
One way to do this would be to increase the bias current and

output power of the laser. However, there are limits to howmuch
laser bias levels can be increased [7]. Using a higher-powered
laser would be another option but low-cost semiconductor lasers
suitable for high-power direct modulation in the gigahertz fre-
quency range are not readily available. Also, for free-space ap-
plications such as RoFSO the output power of the laser may be
limited due to eye-safety requirements. Therefore, as well as in-
creasing the optical output power to overcome the high optical
losses, a high modulation depth must be used.
3) Experimental RoFSO Link: To illustrate the issues which

this paper addresses, an experiment on an example of a RoFSO
uplink is recorded here. The uplink as depicted in Fig. 1 is set
up in an experiment to evaluate the RF dynamic range. A 16
m free-space optical link is created by coupling light to and
from fibers using adjustable lenses. The laser used is a directly
modulated 1310 nm Sumitomo SLV521A DFB operated at a
bias current of 50 mA with a 10 mW CW output. This choice
of wavelength allows the use of low-cost and readily available
components. Index matching gel and optical isolators are used
to prevent distortion arising from optical feedback into the laser
cavity [15]. The optical loss is measured to be dBo over
a 24-hour period with dynamic variations in loss being suffi-
ciently slow that they have negligible short-term impact on per-
formance, consistent with previous experiments [11]. The re-
ceiver used is polarisation insensitive so that changes in the ori-

Fig. 2. Graph showing EVM versus average RF power for a demonstration
RoFSO uplink.

entation of the transmitter or receiver polarisation, or polarisa-
tion changes in the fiber do not affect the performance.
To measure the link performance, the laser is directly mod-

ulated with a 64QAM 802.11g wireless LAN signal at a car-
rier frequency 2.5 GHz. The EVM versus input power curve is
shown in Fig. 2. It can be seen that 38.7 dB RF dynamic range
is achieved with an EVM below the 5.6% limit specified by the
IEEE 802.11g standard. This demonstrates the viability of such
high-loss free-space links for transporting analog RF signals as
has been indicated in previous research [5].
Overlaid on the EVM curve in Fig. 2 is the power curve

of the main intermodulation distortion (IMD) product arising
from laser nonlinearities in a two-tone test. Due to the high
peak-to-average power (PAPR) ratio of 802.11g signals the peak
power of this input signal is a better indicator of the point at
which distortion starts to occur. Therefore, peak power is used
for all the input signals to allow a fair comparison of the onset
of distortion.
It is observed that the IMD product rises above the noise

floor for a 22 MHz bandwidth, (the bandwidth of the 802.11g
signal), 1 dB above the peak power at which the 802.11g EVM
starts to increase due to distortion, the knee point. This is ex-
pected because the power at which the first IMD product rises
above the noise floor in a two-tone test (normalized to a service
bandwidth) represents the first time distortion is large enough to
cause the EVM to rise detectably above its noise-limited value.
In Fig. 2 this IMD product does not follow a third-order trend.

However, it is expected that at low powers third-order distor-
tion would dominate. Therefore, a ‘worst case’ third-order fit,
assuming third order behavior ceases immediately below the
instrument noise floor, is used. When this is extrapolated it is
found that its intercept with the 22 MHz bandwidth noise floor
is 8 dB above the EVM knee point. Evidently the common as-
sumption of a third-order dominated IMD product, which can be
extrapolated to predict the dynamic range at a particular band-
width, is not accurate here.
The measured IMD products suggest that high-order (5th and

greater) nonlinearities are dominant. Consequently, third-order
SFDR no longer accurately reflects performance under modu-
lation with real signals because it assumes nonlinearity is third-
order dominated. An alternative metric is needed to enable de-
sign and comparison of links.
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III. NONLINEAR BEHAVIOR IN LASERS

As shown in the previous section, high-order nonlinear dis-
tortion can arise in RoFSO links as a result of the high optical
loss and the high modulation depths used. In order to develop a
new metric to quantify dynamic range when third-order SFDR
fails it is necessary to understand theoretically the causes of this
high order distortion at high modulation depths and to simulate
this behavior.

A. Causes of Nonlinearity

Models for the behavior of directly modulated semiconductor
lasers are well-established [16]. In order to investigate nonlin-
earity it is necessary observe how such a model behaves under
extreme modulation conditions. Previous research into dynamic
distortion has successfully used a simple rate equation model
and so a similar approach is used here [17]:

where represents the carrier density, the transparency
carrier density, the drive current of the laser, the unit charge,
the volume of the active region, the optical gain, the

photon density, the gain compression factor, the confinement
factor, the spontaneous emission coupling coefficient, the
photon lifetime and the carrier lifetime.
A third equation representing the optical phase of the light

inside the cavity is commonly used. However, the theoretical
results derived here are for devices intended to be used in
optical links using phase-insensitive photodiode intensity en-
velope detectors. Similarly, the intended links for these devices
are sufficiently short that dispersion can be neglected and do
not use narrowband optical filtering so there is no mechanism
for FM-IM conversion. As a result optical phase can be omitted
from the simulation for simplicity. The simulated behavior
matches closely that observed experimentally in Section IV,
indicating the validity of this assumption.
These rate equations are solved for a number of different

drive currents using the following parameters, taken from re-
lated work on simulating nonlinear effects in semiconductor
lasers [15]: m
m C, s m m

ps, ns, mA. Addi-
tional parameters used in the simulation are the effective refrac-
tive index of the laser cavity, , wavelength of light,

nm, reflectivity of the cavity ends, ,
cavity length, m, bias current, mA, and
conversion ratio of the photodiode receiver, V/W. Al-
though changes in temperature can alter the threshold current,
gain and wavelength of the laser, creating potential additional
nonlinearity [18], the temperature is assumed to be constant.
The 1310 nm wavelength is chosen to leverage the availability
of low-cost lasers designed for 10 GbE and better system mar-
gins when compared with 850 nm devices.
In directly modulated lasers, nonlinear effects become more

significant as the optical modulation index (OMI) increases.
OMI can be quoted as an RMS quantity but in this paper the
terms OMI and peak OMI are used interchangeably to mean

Fig. 3. Simulation results illustrating different types of distortion: (a) input
current consisting of a bias current, , of 110 mA and a modulating sinu-
soid at frequency GHz ( ns) with an amplitude, , of
72 mA resulting in an OMI of 0.77 (b) laser output power versus time showing
the effects of static, dynamic and overmodulation distortion encountered for

and respectively, (c)–(e) power spectra of the received
electrical signals for the static, dynamic and overmodulation distortion scenarios
respectively.

the maximum instantaneous OMI. Therefore, for a single tone
input the OMI is defined as . For
other input signals the maximum instantaneous current replaces

.
Consider the case of a laser biased well above the lasing

threshold and modulated with single frequency sinusoid. If the
OMI is less than unity, then a small amount of nonlinearity will
arise from the gain compression factor . This gain compres-
sion is a result of a number of effects including gain satura-
tion due to a finite number of carriers, spatial hole burning and
leakage currents [18]. Nonlinearity in this regime that arises pri-
marily from gain compression is termed static distortion, as il-
lustrated in Fig. 3, and is typically dominated by second-order
and third-order effects.
As the OMI rises to unity the minimum drive current begins

to drop just below the laser threshold current and a second type
of nonlinearity caused by the turn-on delay begins to occur.
This sudden turning on of the laser can be modelled accurately
using fairly simple approximations [19]. However, the rate
equation model is necessary to simulate additional nonlinear
effects caused by relaxation oscillations. This is referred to as
dynamic distortion, as illustrated in Fig. 3.
As OMI increases even further gain compression starts to

damp the relaxation oscillations caused by dynamic distortion
thereby reducing its effect. This also limits the maximum output
power. Thus, the output power is effectively clamped at both
upper and lower limits creating a clipped sine-wave. Nonlin-
earity in this regime is referred to as overmodulation distortion,
as illustrated in Fig. 3.
The frequency domain spectra for static, dynamic and over-

modulation distortion scenarios are shown in Fig. 3. It can be
seen that high-order harmonics (5th order and above) are barely
detectable in the static distortion regime, but become more
prominent when dynamic distortion begins to occur. Previous
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Fig. 4. Graph showing how power of harmonics varies as peak input power
(or equivalently OMI) is increased for a single-tone input. The three regimes of
distortion are indicated on the graph. I: static distortion; II: dynamic distortion;
III: overmodulation. Also shown is the power of the IMD resulting
from a two-tone input.

work has shown significant spectral broadening due to FM
effects under large OMI conditions but in this case only IM
effects need to be considered [20].
The powers of the first 9 harmonics are recorded as the input

power, or equivalently the OMI, is increased and are plotted in
Fig. 4. It can be seen that at the point where the OMI reaches
unity, dynamic distortion begins to occur and the higher order
harmonics increase rapidly in power. Prior to this point, in the
static distortion regime, only the first four harmonics are sig-
nificant. This shows that dynamic distortion is dominated by
high-order nonlinear effects.
Previous research has shown that the relaxation oscillations

occurring in this regime create increased levels of distortion,
but this is the first time a link between this effect and increased
high-order distortion has been drawn [17], [21]. Static distortion
can be reduced through use of predistortion circuits but these
are undesirable for RoFSO as they only cancel up to third-order
distortion and have narrow operating bandwidths [22].

B. Effects on Third-Order SFDR

In high-loss optical links it is often the case that dynamic
distortion has already started to occur in the laser before the
first IMD product becomes greater than the noise floor. In this
case dynamic distortion is the dominant factor determining RF
dynamic range.
Previous research has investigated the effects of third-order

IMD products on the third-order SFDR of analog optical links
using a range of different lasers [23]. However, as will be
shown, these methods of analysis become less meaningful
when the laser is driven at high OMI as the dominant order of
the distortion is not readily predictable. Work has also been
conducted on DFB lasers as standalone devices and their per-
formance under modulation in analog applications, particularly
CATV [24]. However, they only examine static distortion
effects and do not consider the effects of high-order dynamic
distortion on third-order SFDR or on performance metrics used
for real services under high optical loss.
The nonlinear distortion in any of the three regimes can be

considered to arise from a high-order polynomial transfer func-
tion. For a two-tone input, consisting of tones at frequencies

Fig. 5. Graph of output power versus peak input power for a two-tone input
with tones at 950 MHz and 1.05 GHz. The three regimes of distortion are indi-
cated on the graph. I: static distortion; II: dynamic distortion; III: overmodula-
tion distortion. The curve labelled ‘linear’ shows the case when the gain com-
pression factor is zero. Overlayed are the spectra of the received electrical power
showing the magnitudes of the various IMD products, including higher order
products such as .

and , it can be shown that the IMD product is con-
tributed to by all odd order polynomial terms as follows:

where is the power of the first IMD product, is the
amplitude of the current of a single input tone and is the
Taylor series coefficient for the th order term of the polyno-
mial light–current transfer function of the laser. In many sys-
tems third-order distortion dominates and so the fifth and higher
order terms are neglected. When dynamic distortion is domi-
nant, however, the high-order terms contribute significantly to
the first IMD product.
Using the same parameters described in the previous section,

the power of the first IMD product with increasing input drive
power is simulated. The result is shown in Fig. 5.
It can be seen that the first IMD product begins to rise above

the noise floor with a slope of 3, indicating the initial dominance
of third-order nonlinearity. When the peak OMI reaches unity
the curve for the first IMD product undergoes a sharp increase
in slope. This point coincides with the sharp increase in power
of higher order harmonics as was shown in Fig. 4. This change
in slope of the IMD product power curve can then be seen to be
due to increased levels of high-order distortion created by dy-
namic distortion. The slope observed is much greater than 3 but
is not constant or predictable (in Fig. 5 it reaches a maximum
value of 9). The dominant order of distortion at any power level
is unpredictable without precise knowledge of the laser parame-
ters, which are not often available. As the input power is further
increased overmodulation distortion starts to dominate and the
IMD product power begins to roll off.
For any nonlinear system it is expected that as power is

increased higher order effects will become noticeable at some
point. However, previous research has clearly identified a link
between the presence of relaxation oscillations and a sudden
change in nonlinear behavior as the OMI approaches unity
[21]. These relaxation oscillations cause nonlinear behavior of
a higher order than would be expected in the case of a clipped
sinusoid exhibiting no high-frequency oscillatory behavior,
which is often the assumed behavior for systems operating in a
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Fig. 6. Schematic graph showing received electrical output power versus input
power of a single tone for a two-tone test.

clipping regime. This high-order behavior will occur even for a
theoretical perfectly linear laser that does not exhibit any gain
compression as shown in Fig. 5.
The third-order SFDR is measured in a two-tone test where

the input power of the tones is increased until a third-order trend
line can be established. This third-order trend is then extrapo-
lated to lower powers to find the intercept with the 1 Hz noise
floor as shown in Fig. 6, giving the 1 Hz normalized third-order
SFDR. This can then be used to estimate the useful dynamic
range of a service with a particular bandwidth by extrapolating
the third-order trend to higher powers and finding the intercept
of the trend with the noise floor at that bandwidth assuming
that the dominant distortion will remain as third-order. How-
ever, this assumption is invalid in the systems described here
because under dynamic distortion higher order effects dominate.
It is therefore not possible to perform the usual linear extrapo-
lation and so the 1 Hz normalized SFDR figure is no longer a
useful indicator of the dynamic range at a given bandwidth.
If this is ignored and the standard third-order extrapolation

from the 1 Hz noise floor is used anyway it will tend to overes-
timate the distortion-free dynamic range at higher bandwidths
(with their associated higher noise floors). For example the
third-order SFDR overestimation for a 22 MHz bandwidth
noise floor, as used for 802.11g wireless services, is shown in
Fig. 6.
However, third-order SFDR is still an attractive figure of

merit because it is can determined using a simple test that
can be run independently of any particular service and at any
frequency, or can be calculated from measurable device param-
eters. It is also a commonly used metric and so is important for
comparison purposes. However, since the dominant order of
the distortion under deep modulation with a high noise figure
cannot be predicted another service-independent measure of
the performance limits for directly modulated high-RF-power
high-loss optical links that retains the desirable properties of
third-order SFDR is needed.

C. Dynamic Distortion Free Dynamic Range

When dynamic distortion is dominant, there is a very steep
increase in the power of the first IMD product just after the

Fig. 7. Illustration of normalized DDFDR metric with an upper power limit
at the point where . Also shown is the 1 Hz normalized third-order
SFDR, valid only at small bandwidths. 22 MHz is the bandwidth of 802.11g
wireless.

peak OMI reaches unity. The slope of the IMD product curve
at this point is unknown and constantly changing but is large
(usually above 7th order). This is sufficiently steep that it can be
modelled by a vertical line at the input power for which
. This sets an upper limit on the peak RFmodulating power that
is independent of bandwidth and the exact order of distortion.
It is predicted that this sharp rise in distortion causes a sharp

increase in EVM for a radio service sent over the link when the
RF modulating power is such that the peak OMI reaches unity.
This should cause the knee point of any EVM versus power
curve to occur at the same peak power regardless of service. RF
services can continue to operate beyond the knee point as they
are designed to cope with some third-order distortion. However,
when high-order distortion is dominant EVM increases more
rapidly so the knee point becomes a good indicator of a practical
upper limit for the RF modulating power. The RF power where
peak OMI is unity is therefore a realistic and practical measure
of the highest modulating power that can be used when dynamic
distortion is dominant.
Aside from increasing EVM due to in-band interference, dis-

tortion also causes out-of-band interference. However, due to
the availability of robust means to deal with this interference,
EVM is almost always the first metric to deviate from the re-
quired standard as signal power is increased [25].
It is proposed that a new measure of dynamic range called

dynamic distortion free dynamic range (DDFDR) be used as a
measure of dynamic range under dynamic distortion dominated
conditions. The upper limit of this is defined as the RF modu-
lating power at which the peak and the lower limit
is defined as the RF modulating power at which the
for a given bandwidth. This is illustrated in Fig. 7. The point
where peak can easily be calculated from the de-
vice parameters of the laser, which is simpler than finding the
third-order intercept required for third-order SFDR. The noise
can be calculated for a link using device parameters of all the
components, as is done for third-order SFDR. Like third-order
SFDR, DDFDR can be normalized to a 1 Hz bandwidth. In most
situations DDFDR would not be valid at a bandwidth of 1 Hz
and third-order SFDR would be a more suitable metric due to
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Fig. 8. Experimental setup used for testing of RoF link.

TABLE I
PARAMETERS FOR EXPERIMENTAL SETUP

dominant third-order behavior in this regime. However, normal-
isation allows the DDFDR to be calculated for a service of any
bandwidth and for comparison between links. The units of nor-
malized DDFDR are dB/Hz and so to find the DDFDR for a
particular bandwidth it is necessary to add the bandwidth in dB
to the normalized figure.
DDFDR is only accurate if the noise figure is sufficiently high

that the first IMD product intercepts the noise floor after the
peak OMI of the modulating signal reaches unity and if high-
order dynamic distortion is dominant at this point. In the case
of RoFSO links this high noise figure can be due to high optical
loss or high bandwidth services. For noise figures lower than this
third-order static distortion is usually dominant and third-order
SFDR can be used accurately.
DDFDR has a tendency to underestimate actual dynamic

range as the upper limit is less than the actual IMD product
power. However this is desirable when designing systems as it
provides a worst case scenario.

IV. EXPERIMENTAL INVESTIGATION

To verify the theoretical results presented in the previous sec-
tion it is shown that high-order distortion effects are experimen-
tally reproducible in directly modulated lasers with high-modu-
lation depths and that in high-loss optical links this reduces the
utility of third-order SFDR. Further, the DDFDR of the laser
used is shown to be a better predictor of link EVM performance
under such conditions.

A. Setup

For this experimental investigation a high-RF-power high-
loss IM-DD RoF test link is used, as shown in Fig. 8. The pa-
rameters for this setup are listed in Table I.

Fig. 9. Graph showing output power versus peak input power for a two-tone
SFDR test with the 1310 nm Sumitomo SLV521A DFB.

An optical attenuator is used to allow variable optical loss.
The results in the next section using this attenuator show a good
match with the results in Section II using an actual free-space
link. For the photodiode used, the maximum allowable optical
input power is 2 dBm and so the attenuation is set to ensure
that the received optical power is far enough below this to avoid
causing further nonlinear distortion.
The temperature is held at 25 C using a TEC. Dynamic tem-

perature effects only become important at modulation frequen-
cies less than 100MHz and so do not affect temperature stability
here [18].

B. High-Order Dynamic Distortion

For the experimental setup described previously the power
of the first IMD product in a two-tone test is measured and is
plotted against input power as shown in Fig. 9.
It can be seen that the first IMD product does not exhibit

third-order behavior—a ninth-order slope provides a better fit.
Because of the high optical loss of this link even for an RF
bandwidth as low as 200 kHz, the first effect to appear above
the noise floor is this high-order distortion. Using the third-order
extrapolation technique discussed in Section III, for a bandwidth
of 22 MHz (used in 802.11g) the calculated third-order SFDR
is at least 6 dB larger than the actual IMD product free dynamic
range.
When the spectrum is analyzed, as shown in Fig. 10, the IMD

products created exclusively by fifth and higher order distor-
tion products are present. Clearly, high-order nonlinearities are
dominant in this case and their appearance is consistent with the
onset of dynamic distortion as predicted in Section III. With this
particular link it is not possible to observe third-order distortion
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Fig. 10. Graph showing high-order IMD products at output of test link under a
two-tone test. The plot on the left is the spectrum and the plot on the right shows
how the different components increase with input power.

Fig. 11. Measured graph of light power versus time showing turn-on delay, ,
followed by relaxation oscillations, both hallmarks of dynamic distortion.

by reducing optical loss because any further decrease in optical
loss begins to cause nonlinear behavior in the photodiode.
The measured time domain response of the link with a single

tone input at 500 MHz is shown in Fig. 11. It can be seen that
for this particular modulation level the laser drive current drops
below the threshold and when it turns on again there is a delay
followed by relaxation oscillations. This is the behavior pre-
dicted in Section III and is the cause of dynamic distortion.
Two other lasers are also tested under similar conditions. Op-

tical losses are kept the same but transmit powers and bias cur-
rents are adjusted in order to run the lasers at their optimum
operating points. The test conditions are still representative of
RoFSO systems. The plots for the two-tone SFDR tests are
shown in Figs. 12 and 13.
For both of these lasers, the first nonlinear behavior to be ob-

served is third-order. However, in both cases the noise floor ap-
pears very close to the onset of high-order distortion meaning
that if higher optical loss or higher RF bandwidth are used the
high-order distortion will dominate. For example, in both cases
high-order distortion would become dominant with 5 dBo addi-
tional optical loss and a 2 MHz signal bandwidth. It can be seen
that this dominance of dynamic distortion is not a consequence

Fig. 12. Graph showing output power versus input power for two-tone SFDR
test using a 1547 nmMitsubishi FU-68PDF DFB at 9.45 dBm output power and
50 mA bias current.

Fig. 13. Graph showing output power versus input power for two-tone SFDR
test using a 1310 nm Sumitomo SLW4260 DFB at 4.94 dBm output power and
40 mA bias current.

of the particular laser used. Rather, the operating conditions of
high-RF-power, high-loss, RoFSO links, make them very sus-
ceptible to it.
It is also noted that the dominant order of distortion varies be-

tween the lasers—7th order is a good fit for the 1547 nm laser
while 9th order is better for the 1310 nm device. This demon-
strates the dependence on measurement conditions of the order
of distortion in these high-order cases. This agrees with the
theory proposed in Section III.
From a practical perspective it is undesirable to drive the

laser sufficiently hard that dynamic distortion is encountered.
However, in order to use the maximum RF dynamic range it
is necessary to be able to establish limits for linear operation.
Third-order SFDR is not suitable for this task in cases where
high-order effects are dominant so DDFDR provides a more ac-
curate and realistic alternative.
As far the authors are aware this is the first practical situation

in which dynamic distortion effects have been found to be im-
portant and the first time their impact on third-order SFDR and
modulation performance has been investigated.

C. DDFDR Performance

To examine the performance of the DDFDR a two-tone test
is performed using the same link setup with the 1310 nm laser
described in the previous section. EVM curves for 802.11g and
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Fig. 14. Graph showing comparison of two-tone SFDR power curve and EVM
curves for several modulation schemes at 2.5 GHz. Solid curves represent EVM
values while dashed curves represent output power levels for a two-tone test.

TABLE II
OFFSETS OF THIRD-ORDER SFDR AND DDFDR

UPPER LIMITS FROM EVM KNEE POINTS

3GPP services over the same link are also recorded and the re-
sults overlaid in Fig. 14.
Both tests use the 2.5 GHz carrier frequency. The 3GPP ser-

vice is tested in QPSK modulation mode. The 802.11g service
is tested in 54 Mbps 64QAM mode. When comparing EVM for
different modulation schemes the peak OMI is defined using
statistical measures of the peak to average power ratio (PAPR).
Measurements have shown that for 802.11g instantaneous
power is less than 10 dB above the average 99.9% of the time
[25]. Similar statistical values can be obtained for a two-tone
SFDR test signal and 3GPP [26], [27]. This allows for a fair
comparison between services.
It is observed that both the services tested reach their knee

points and experience an increase in EVM at the same peak
input power of 14 dBm. This is the point at which the peak
OMI of these services reaches unity. The overlay of the IMD
product indicates that high-order dynamic distortion is the dom-
inant nonlinear effect in this setup. This is consistent with the
theory that the high-order behavior of the IMD product curve is
linked to this abrupt increase in EVM across all the services as
proposed in Section III.
For each service, the knee point of the EVM curve is com-

pared with the DDFDR upper limit and the third-order SFDR
upper limit for the service bandwidth (22 MHz for 802.11g and
5 MHz for 3GPP). The offset of the DDFDR and SFDR upper
limits from the EVM knee points are shown in Table II.
It can be seen that the DDFDR upper limit gives a more ac-

curate estimate of the EVM knee point than SFDR. Across the
two services the average magnitude of the offset of the DDFDR
upper limit from the knee point is 1.1 dB while for third-order
SFDR it is 6.2 dB. This result suggests that DDFDR provides
a more accurate and realistic estimate of RF dynamic range
than third-order SFDR for real services under conditions where
high-order dynamic distortion of unknown order is dominant.

The knee points of the services have a spread of 1.5 dB
showing that the upper limit of the DDFDR metric denotes
the power beyond which high-order distortion starts to signif-
icantly degrade EVM performance, irrespective of the actual
service tested thus making it service-independent. Knowing
the DDFDR allows such links to be designed to avoid this
high-order distortion regime.

V. CONCLUSION

It is shown theoretically and experimentally that dynamic
distortion tends to be the dominant factor limiting performance
in high-RF-power high-loss analog optical links using directly
modulated semiconductor lasers, such as low-cost RoFSO
links. Dynamic distortion is caused by relaxation oscillations
and hence characterized by high-order nonlinear effects. It is
shown that due to their operating conditions, high loss links are
susceptible to this dynamic distortion.
In order to demonstrate a link’s ability to support radio ser-

vices it is necessary to use a service- and bandwidth-indepen-
dent measure of dynamic range. Usually this is achieved using
third-order SFDR but this fails in these situations due to the
dominant high-order distortion. It is not possible to use a higher
order equivalent of SFDR because the exact order of the distor-
tion is unknown. A new measure of dynamic range, dynamic
distortion free dynamic range (DDFDR) is proposed, the upper
power limit of which is the RF power at which the peak instan-
taneous OMI reaches unity. The lower limit is the noise floor
power, similar to third-order SFDR. DDFDR can be bandwidth
normalized, like third-order SFDR, but is only valid under con-
ditions where high-order distortion is dominant. DDFDR can
be evaluated at a range of different frequencies to demonstrate
the broadband and service-independent operation of a system.
It can also be used to compare between different lasers in the
same link.
It is observed that when the peak OMI reaches unity in

high-RF-power high-loss optical links the EVM of a number of
services increases at the same peak power level, independent
of bandwidth or modulation scheme. This causes an effective
compression of the knee points for the EVM curves across
different services. It is found experimentally that when EVM
curves for different services are compared the knee points all
fall within a 1.5 dB range of one another irrespective of the RF
service. Further, it is shown experimentally that in dynamic
distortion limited systems the upper limit of the DDFDR can
on average predict the EVM knee point to within 1.1 dB, com-
pared to third-order SFDR which only predicts it to within 6.2
dB. This indicates that under conditions of dominant dynamic
distortion the DDFDR provides a better service-independent
indicator of the limits within which a link can be operated
without experiencing increased EVM than third-order SFDR.
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