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Theoretical Consideration of Nonlinear Compensation
Method for Minimizing High-Order Intermodulation
Distortion Nonlinear Compensation in a

Direct Optical FM RoF System

Akihiko MURAKOSHI'®, Student Member, Katsutoshi TSUKAMOTO, Regular Member,

SUMMARY  An optical FM system using an optical FM LD
(laser diode) and an optical frequency discriminator (OFD), in
which a nonlinear compensation scheme based on the interaction
between its nonlinearities can minimize intermodulation distor-
tion. This paper theoretically investigates the minimization influ-
ence for 3rd plus 5th order intermodulation distortion power for
an optical FM radio-on-fiber system. The carrier to noise-plus-
distortion power ratio (CNDR) is theoretically analyzed in em-
ploying the OFD whose transmission characteristic is controlled
by a phase shifter. The results show that the designed receiver
can achieve higher CNDR in the application of multicarrier trans-
mission.

key words: radio-on-fiber (RoF), optical FM, optical frequency
discriminator (OFD), intermodulation distortion

1. Introduction

When employing a conventional optical intensity mod-
ulation/direct detection (IM/DD) scheme in a radio-
on-fiber (RoF) link [1]-[4] to transmit multicarrier RF
signals containing CATV, wireless LAN signals and so
on, the RF signal quality is severely degraded by in-
termodulation distortion and clipping distortion when
modulating the LD [5], [6].

As a candidate to solve the above problems, fre-
quency modulations methods have been investigated,
such as a SCM (subcarrier multiplexing)/FM/IM/DD
method for obtaining a wideband gain [7], [8] and Opti-
cal FM method which is effective in clipping distortion
[9]-[16]. The combined effect of LD and OFD non-
linearities except for signal quality such as CDR have
been reported [12],[13]. In references [14]-[16] a non-
linear distortion compensation method for a RoF link
by using an interaction between the nonlinearities of an
optical LD and MZI-type OFD is proposed, and it has
its transmission performance analyzed and the carrier
to noise-plus-distortion power ratio (CNDR) calculated
theoretically. These previous studies have considered
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only 3rd-order intermodulation (IM3) distortion power
in a single-octave transmissions and designed a receiver
to minimize the IM3 distortion power [14]-[16]. How-
ever if a large number of frequency channels like OFDM
signals or multioctave multicarrer signals are applied,
intermodulation distortion powers including 5th (IM5)
order or higher order distortion, should be considered
in RF signal transmission.

In this study, we investigate the optical FM
method using a LD and a MZI-type OFD in SCM
RF signal transmission and design a receiver that min-
imizes intermodulation distortion power by using a
phase shifter. Then we focus on the theoretical anal-
ysis of IM3 and IM5 distortion power, the phase shift,
¢, that minimizes IM3 plus IM5 distortion power, and
CNDR including IM3 and IM5 distortion in the sys-
tem using an optical FM method. Finally, we show
that CNDR in using the designed receiver is more im-
proved than CNDR in controlling the phase shift which
minmizes IM3 distortion power and IM3 plus IM5 dis-
tortion power and without phase shifter control.

This paper is organized as follows. In Sect.2, we
describe the configuration of the RoF link using an op-
tical FM LD and a MZI-type OFD and mathematically
models their nonlinearity and the characteristic of the
MZI-type OFD with a phase shifter. In Sect. 3 we the-
oretically analyze IM3 plus IM5 distortion power, and
the phase shift that minimizes IM3 plus IM5 distortion
power in this system. Finally, in Sect.4, we show the
availability of phase shifter control for IM3 plus IM5
distortion power numerically.

2. Nonlinear Compensation Scheme in SCM
FM RoF Link

Figure 1 shows the configuration of the SCM RoF link
using a nonlinear compensation scheme. A SCM RF
signal is received at a radio base station (RBS) and
modulates the frequency of the LD. The modulation
frequency of the LD is given by [16]

f@#) = fe=fm(t) = Qi (t) + ,Bifn(t) + ’yifn(t) (1)
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ful)=cin(t)+Birt)+yid(t)
I(1)

OFD: Optical
Frequency
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FM demodulator
Optical FM signal
— Optical IM signal

in(t)

nonlinear LD

Fig.1 Configuration of RoF link using direct optical FM and
OFD.

where f(t) is the Optical FM signal frequency, f. is an
optical carrier frequency, that is a driving point, « is

the modulation efficiency, 8 and ~ are coeflicients of

the 2nd and 3rd distortion, and #;,(¢) is the SCM RF
signal current [15]. After transmission via optical fiber,
the optical FM signal is converted into an optical IM
signal at the MZI-type OFD whose transmissions T7( f)
and T(f) shown in Fig.2(a) [15] are given by

Ti(f) = [m(%)] (=12, @

where FSR denotes the free spectral range of MZI. Here,
the transmission characteristic of the MZI-type OFD is
expanded in the Taylor series as

"’Z TJ){fm ®yY (=12, (3)

70

where Tl(j> is given by

= . , (1=1,2)
7 Tfe s
=3 (psn) cos FgR + % )
(J - 1727' )

On the other hand, the transmission characteristic of

the MZI-type OFD with the phase shifter shown in
Fig.2(b) is expressed by [16]

Ti(f.6) = » [wcos(FgRJrqb)] (1=1,2),(5)

where ¢ is the phase shift at the phase shifter. Similarly
Ti(f, ¢) is expressed in the Taylor series [16] by

RIS S L O ATIE (6)

J=0
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It is found from Eq. (7) that the transmission charac-
teristic of the MZI-type OFD can be shifted using a
phase shifter.

From Eqs. (1) and (5)—(7) the photodetector out-
put current, iy, (t), is

iou(t) = PP g mmiiin (D [{T3(£,6) = Ta(f.6))
+n(t)
P, [1+ n 3 iTU) Y
—r P[4 gpmian (0] 3 T @K S (1)}
=0
+n(t), (8)

where v, P., AF, n(t), f., and my are the sensitivity
of PD, the received optical power, the maximum fre-
quency deviation, the additive noise current, the optical
carrier frequency, and the intensity modulation index,
respectively.

We substitute Eq. (1) into Eq. (8) and calculate the
components of the signal and intermodulation distor-
tions. The carrier power, C, IM3 distortion power, Ds,
and IM5 distortion power, Dj, falling in the nth fre-
quency channel, f,, of the received RF signal are de-
rived by

C = [zﬂ( ) (MPJ <(z'l;”(t))2>fn 9)

Dy=

2P, { T{V () + aBT{ (0) + 5 T“’( b)
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2

e Q’?‘I’fl)(qﬁ)+a2'11(2)(¢))}}<(7:?71(75))2>f”(10)

1 .
Ds= QTF’(;{/%/TfQ)(G’))Jr— (a?y+305%) 1% (9)

3!

3 . , a® s,
+270 0T (0) + 117 (0)

amy

AF

) }r<<”‘?”<“>2>f

where < ® > is the ensemble average.

We explain the physical mechanism of IM3 and
IM5 generations. Figures 3 and 4 illustrate the mech-
anism of IM3 and IM5 generation in this system. The
first term in {*} of IM3 shown in Eq. (10) is composed
of the 3rd-order nonlinearity of the LD. The second
term is composed of the multiplication of the linearity,
and the 2nd order nonlinearity of the LD for the 2nd
nonlinearity of OFD. The third term is composed of
the cube of the signal for the 3rd-order nonlinearity of
the OFD. The last term is composed of the multipli-
cation of the intensity modulation component and the
2nd-order intermodulation distortions. Moreover, the
first term in {*} of IM5 shown in Eq. (11) is composed
of the multiplication of the 2nd- and 3rd-order non-
linearities, for the 2nd order nonlinearity of the OFD.
The second term is composed of the multiplication of
the linearity, and the 3rd-order nonlinearity of the LD

<(2(w + 8T (¢) + 30787 (¢)

(1)

N
n

Photodetector
D2y * Output

inft) h'd LT *@Y_ fout(t)
m garal T
S/

SCM signal

E 1%
L R L
OF—e—HOF——¢_
: : M3
“p Ty Tio) Ty Suppression
Fig.3 Mechanism of IM3 generation in optical FM and OFD
RoF system.
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Fig.4 Mechanism of IM5 generation in optical FM and OFD
RoF system.
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for the 3rd-order nonlinearity of the OFD. The third
and fourth terms are composed of the multiplication
of the linearity, and the 2nd orders-nonlinearity of the
LD for the 4th-order nonlinearity of the OFD, and the
Sth-order of linearity for the 5Sth-order nonlinearity of
the OFD, respectively. The last term is composed of
the multiplication of the intensity component and the
4th-order intermodulation distortions. Figures 3 and 4
also illustrate the above explanation.

In the case of IM3, it is found from Eq.(7) that
'1"1(1)(@) and ,7,1(3)(@5) have anti-sign each other. Conse-
quently the phase shift ¢ which minimizes D3 can be
found regardless of the sign of T](Q)(d)) and IM3 distor-
tion power can be reduced. For IM5, a similar reduc-
tion can be obtained. Therefore, we can expect that
the nonlinearity component of the OFD at the receiver
has the potential ability to reduce IM3 or IM5.

The noise power, N, is given by [15]

AKT
N = {quPc + ; 4 (’I'PCTI(I)((/)))} B

+ ™

2

iy i (T(0) - 1))} (12)

where ¢ is an electrical charge, B is the bandwidth of
BPF at the RF stage, k is the Boltzmann constant, T is
the equivalent noise temperature, R; is the equivalent
noise resistance and Awv is the full width at half max-
imum of the optical carrier spectrum. The first term,
second term, third term, and last term in Eq. (12) are
the shot noise power, the thermal noise power in the re-
ceiver, the phase noise power, and the optical intensity
noise power, respectively.

3. IMS3 and IM5 Distortion Power with Non-
linear Compensation in SCM FM RoF Link

In order to analyze IM3 and IM5 distortion power the-
oretically, we assume a SCM RF current, i;,(t), with
2K + 1 channels given by

K
i (t) = Ru(t) cos {27 (frp +ndf)t + ¢, (1)}, (13)
n=—K

where n, frp, 0f, R, (t), and v, () are the integer, the
central RF frequency of the channel, the channel spac-
ing, the envelope of the nth channel, and the phase
of the nth channel which is a random variable, respec-
tively. And nth channel, f,,, is expressed as

f’n, - fRF + TL(Sf

R, (t) = R(const) for all n

At the output RF current shown in Fig. 1, i2 (t),

i

and 2 (t) in Egs. (10) and (11) are given by
A
it (t) = | ;K %R'S cos2m (frp +ndf)t (14)
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‘4’m, 5 g .
()= Y SR cos2m(fre+ndf)t. (15)
n=—K

The relationship among AF, « and R is expressed as
AF = «R (16)
Consequently {(i? (t))2>f and <(Z§5n(t))2>, in Egs.

in

(10) and (11) are derived as

(i), - S () o
(20" () (A1) s

where As, and As, are the number of IM3 and IM5
components falling in frr + ndf frequency channel,
respectively.

It is found from Egs.(17) and (18) that D3 and
D5 increase in proportion to the 6th and 10th powers
of the maximum frequency deviation, AF, respectively.
Therefore the influence of IM5 distortion power is not
negligible if the number of the carrier, 2K + 1, and the
maximum frequency deviation, AF, become large. In
Sect. 4, we discuss the influence of IM5 distortion.

D3 and D5 have a maximum value at Oth channel,
that is at the frr channel. We focus on the evaluation
of the frp channel. From Eq. (10), the phase shift when
D3 becomes zero can be solved and is given by (see

frRE+NOS

Eq. (A-5))
d D3 £ — mfe _ fs. n : integer (19)
' FSR '
Similarly Ds = 0 from Eq. (11) when (see Eq. (A-6))
?ps & — Lf( — 05, n : integer (20)
' FSR ' °
where 03 and #5 are given by
z B+ sk o?
0, — Tan™! FSR (e 12 AFY 2 ‘ } (21)
v+ aral — 5 (755) o*

ami

1 T\ g 1 / 9
{678<FSR>Q 5 (208 {5
1 ( T )2 mea®

24 \F'SR AF
) s b ( T )2
"1 FSR\ 120 \FSR
1 . 1. o
-5 (aB?® + o) — EQSJAF) }] (22)

We find that from Egs. (19) and (20) ¢ps3 is not
generally equal to ¢ps.

Then we consider the phase shift which minimizes
the total power of IM3 and IM5 distortions. Next

05 = Tan !
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we consider the phase shift which minimizes the com-
bination power of IM3 and IM5 distortions. We as-
sume that the correlation between IM3 and IM5 be-
come negligibly small. Then we examine the total
distortion given by D3z + Ds. Therefore we attempt
to theoretically find a phase shift ¢,,;, to minimize

D3(¢) + Ds(o) (é IMD(gé)). IMD(¢) has the min-

imum value when (see Eq. (A-12) in Appendix)

, mfe
Qmiin = NT —
' " FSR
1T 1 D[/\/13 sin 293 + D[]\,{g, sin 205
—=—1dan .
2 D”\,fg CcOS 293 + D]]\,H) CcOs 205

(23)

Figure 5 illustrates the receiver with the phase
shifter [15] and [16]. We assume that the intermod-
ulation distortion powers contained in the nonsignal
band of output SCM RF current can be detected at the
power detector, and the phase shifter is controlled by
the feedback circuit in order to minimize the detected
intermodulation distortion power.

That is, the receiver controls its transmission char-
acteristic in Eq. (6) to minimize intermodulation distor-
tion power IM D(¢). A similar method for detection of
distortion power has been studied [17].

Optical
Fiber

9]

BMPD

Distortion Power
Detector

Differentiating
Filter
Fig.5 The receiver with phase shifter.
Table 1 Parameters used in calculation.

FSR GHz | 17.5 | P.dBm -10

my 0.01 | AvMHz | 0.5

TK 300 BKHz 300
rA/W 0.8 Rt Q 50

Table 2 Characteristic of LDs.

- nonlinear LD linear LD
aMHz/mA 72 72
BMHz/mA? 0.01 0
v MHz/mA? 0.001 0

Table 3 Some numerical results of D7/D3dB and D7/Ds dB.
AFMHz | D7/D3dB | D7/DsdB
700 —45.40 39.44
1,000 —33.02 —33.20
1,500 —19.95 —26.13 |
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Here we discuss the influence of the 7th intermod-
ulation distortion power, D7. D7 is given in Appendix
(see (A-13)). Table 3 shows some numerical results
of D7/D3dB and D7/DsdB for the parameters in Ta-
bles 1 and 2 at AF of 700, 1,000, and 1,500 MHz. From
the numerical results IM5 distortion power is dominant,
D7 power is smaller than D3 and Dy by about —20dB
and —26 dB at AF of 1,500 MHz. Since the influence of
IM7 distortion power is negligibly small in this analysis,
we focus on D3 and Ds.

4. Numerical Results

We show some numerical results of CNDR. We define
that D is the distortion power and is given by

D = D3+ D5.

Parameters used in the calculation are shown in Ta-
bles 1 and 2 (nonlinear LD). We assume the bandwidth,
B, which is used in the PHS system for example.

First, we investigate the carrier power to IM3 dis-
tortion power ratio (CD3R), carrier power to IM5 dis-
tortion power ratio (CDsR), and CNDR versus AF
when the driving point of the OFD, T1(f.,¢ = 0) and
To(feop = 0) are

Ty(fod = 0) = oot = 0) = .

Figure 6 shows CD3R, CDsR, and CNDR versus
AF for carriers numbers of 3, 5, and 11. It is found
from Fig.6 that distortion power D becomes greater
as the number of the carrier increases. The influence of
IM5 distortion cannot be neglected at AF= 4,500 MHz,
2,000 MHz, and 1,000 MHz for 3, 5, and 11 carriers re-
spectively in the case without control.

Next, we show CNDR in the case that the nonlin-
ear compensation receiver shown in Fig. 5 is employed.
Figures 7 and 8 show the plots for CNDR versus phase
shift ¢. From Figs. 7 and 8, we find that the improve-
ment of CNDR in controlling the phase shift, ¢ = ¢nin,
is better than ¢ = ¢p3 and ¢ = 0 (without control).

.

60 11 carriers
— 5 carriers
==] .
s 4f 3 carriers
=4
%
8} 20

0 )

10 100 1000 10000
Maximum frequency deviation AFMHz])

Fig.6 CNDR versus AF for the carrier numbers of 3, 5 and

11 carriers.
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The phase shift control of ¢ = ¢,,;» can obtain an im-
provement of approximately 0.7 dB in CNDR, compared
with the phase shift control of ¢ = ¢p3 and 9dB com-
pared with the case without control for AF=2,000 MHz
and 3 carriers. For 11 carriers and AF = 700 MHz, an
improvement of 2dB in CNDR compared with ¢ = ¢p3
and an improvement of 10dB in CNDR compared with
the case without control. Even if IM3 distortion power
can be suppressed by controling phase shift, ¢ = ¢ps,
the IM5 distortion power can not be suppressed for
large AF. Consequently CNDR for ¢ = ¢p3 is worse
than CNDR for ¢ = ¢psn- The phase shift control of
¢ = Gmin is effective. Next we examine the improve-
ment of CNDR for various frequency deviations.
Figure 9 shows CNDR versus AF for 3 carriers
and 11 carriers. When comparing the improvement for
¢ = Odmin, ¢ = ¢p3 and the case without control in
CNDR, we find that the phase shift control of ¢ =
Omin can get a wider maximum frequency deviation
range for the phase shift control of ¢ = ¢,,;, than the
phase shift control of ¢ = ép3 and ¢ = 0. This is
because the improvement in CNDR is effective for large

CNDsR CDsR
Af:700[MHz|
50 r 11 carriers transmission
40
=
=
e 30 -
a g4 T~
| ]
= 20 / :
= ! I
@] | [
10 | !
[
|
(4=0) |
0 1
% G=bmn) (b=to5) -F 0 T
Phase shift ¢[rad]
Fig.7 CDR and CNDR versus phase shifter ¢ at AF =
700 MHz for 11 carriers.
CDsR
60 i <+— CD3R Af:2.0|GHz]
’-\ /! \4—-CND3R 3 carriers transmission
\&
AN
)
= L
z 40
a
r4
<
o
=]
O 20t
(¢=6p3) _
0 ly” (9=0)
N (@b -5 0 z
Phase shift ¢[rad]

Fig.8 CDR and CNDR versus phase shifter ¢ at AF =
2,000 MHz for 3 carriers.
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CD3R \\ CDsR \\ 3 carriers
\\
60 |

CNDR
w control(¢=¢min)

11 carriers

CDR,CNDR[dB]
S

CNDR

(w/o control) \
0 L N )
10 100 1000 10000
Maximum frequency deviation AF|[MHz]|
Fig.9 CNDR versus AF parallel among phase shift ¢yin,

¢ p3, and the case without control (nonlinear LD).

80 \
CD& CD:R Q\

ol N

11 carrie&

3 carriers

CNDR
w control(¢=0¢min)

CNDR
w control($=0¢n3)

CDR,CNDR|[dB|
3

20
0 L L )
10 100 1000 10000
Maximum frequency deviation AFMHz]
Fig.10 CNDR versus AF parallel among phase shift ¢,

¢ p3, and the case without control (linear LD).

AF. Tt is found from Fig. 9 that the influence of IM5
distortion cannot be neglected when AF' is 1,000 MHz
for 11 carriers. (A difference of approximately, 3dB
between the phase shift control of ¢ = ¢nin and the
phase shift control of ¢ = ¢p3.)

Figure 10 shows CNDR versus AF in the case of
employing a linear LD. The parameters of the linear
LD are shown in Table 2. It is found from Fig. 10 that
the CNDR for phase shift, ¢ = ¢,in, is more improved
than the CNDR for phase shift, ¢ = ¢p3 and ¢ =0
(without control) and a wider maximum frequency de-
viation range, as well as in the case of nonlinear LD.

By comparing CDR in a employing nonlinear LD
with a linear LD, we observe that the maximum CDR
of the nonlinear LD is larger than that of the linear
LD. The maximum values are approximately 50dB for
11 carriers in the case of the nonlinear LD and about
47dB for 11 carriers in the case of the linear LD. This
is because the nonlinear compensation can be obtained
from the interaction between the nonlinearity of the
LD and the MZI-type OFD shown in Figs. 3 and 4. On
the other hand, in terms of the dynamic range, we find
that the dynamic range of the linear LD is wider than
that of the nonlinear LD. If a required CNDR is 30 dB,
a maximum frequency deviation range, that is the dy-

Institute of Electronics, Infornmation, and Conmunication Engi neers
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namic range, of the linear LD is wider 200 MHz than
that of the nonlinear LD for 11 carriers. We can find
from these results that if a higher CNDR is required,
it is more effective to employ a nonlinear LD than a
linear LD, and if a wider dynamic range is required, a
linear LD is more effective than a nonlinear LD.

5. Conclusions

In this paper, we have analysed IM3 and IM5 distor-
tion power and calculated CNDR versus maximum fre-
quency deviation AF for the carrier numbers of 3, 5,
and 11 carriers. From the results, it was found that
the effect of intermodulation distortion power including
IM5 was not negligible when the maximum frequency
deviation AF became large. Then we examined the
effect of IM5 distortion versus AF for 3 and 11 carri-
ers. Accordingly the influence of IM5 distortion for 11
carrier is larger than that of IM5 distortion for 3 carri-
ers. We showed that the designed nonlinear compensa-
tion technique was effective with consideration for in-
termodulation distortion including 5th order intermod-
ulation distortion, and found that CNDR in the control-
ling phase shifter improved by approximately 2 dB com-
pared with ¢ = ¢ps and improved by 10dB compared
with the case without control, for AF = 700 MHz and
11 carriers. It was found from comparison of a linear
LD with a nonlinear LD that high CDR can be obtained
to compensate for IM3 distortion, and a wide dynamic
range can be obtained to compensate for IM5 and high-
order intermodulation distortion. In this analysis, the
improvements in CNDR and the dynamic range were
about 4dB and 200 MHz respectively.
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Appendix
We derive Eqgs. (19), (20), and (23) in the following. At

first Eqs. (7), (17), and (18) are substituted into (10)
and (11) respectively, and we derive D3 and D5 as
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Therefore D3 becomes zero when

G2 mfe S
sin (FSR ) (A 0)

and Dy becomes zero when

FSR
so ¢ps and ¢ps are solved as Egs. (19) and (20).

sin? ( /e + 05 +<b> =0, (A-6)

Next we derive Eq. (23). D3 and Dy are expressed

as
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Consequently 1M D(¢) has the minimum value when

cos (2¢ + 20ryp) =1 (A-12)

SO Qmin can be expressed as Eq. (23).
We substitute Eq. (1) into Eq. (8) and calculate the
components of the IM7 distortion power, D, falling

in nth frequency channel, f,,, of received RF signal is
derived by
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