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A microwave photonic link with high spurious-free dy-
namic range based on a parallel structure’
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A microwave photonic link (MPL) with high spurious-free dynamic range (SFDR) is proposed and analyzed. The optical

carrier is divided equally into two paths. The path 1 is modulated by radio frequency (RF) signals in a Mach-Zehnder

modulator (MZM), and the phase of path 2 is controlled before the combination with path 1. By properly adjusting the

phase difference of the two paths with the optical phase shifter, the third-order intermodulation distortion (IMD3) can be

significantly suppressed. A proof-of-concept simulation is carried out. The results show that a reduction of 40 dB in the
IMD3 and an improvement of 21.1 dB in the SFDR are achieved as compared with the conventional MZM-based MPL.
The proposed MPL shows the advantages of simple structure, low cost and high efficiency.
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Microwave photonic links (MPLs) have shown a great
potential in various applications, such as wireless com-
munications, radars, antenna remoting and warfare sys-
tems, thanks to the advantages of high bandwidth, low
transmission loss, low weight and immunity to electro-
magnetic interference as compared with the conventional
coaxial analog links'"*. To impose a microwave signal on
an optical carrier, the direct modulation with the distrib-
uted feedback (DFB) laser diodes (LDs) and the external
modulation with phase modulators (PMs), intensity
modulators (IMs) or polarization modulators (PolMs)
have been demonstrated previously®*. However, the
intrinsically nonlinear transfer function of the modulator
will distort the signals and limit the spurious-free dynamic
range (SFDR) of the link.

Numerous techniques based on external modulation
have been proposed in recent years to improve the SFDR
of MPLs, such as optical filtering”®, distortion canceling
with composite structures”’ 'Y and mixing polarization
modulation'>"*). Other SFDR improvement strategies
with simple structures based on only one modulator have
also been proposed!" !,

A new linearized MPL is proposed in this paper. An
optical carrier is divided into two paths. Path 1 is modu-
lated by radio frequency (RF) signals in a Mach-Zehnder
modulator (MZM), and path 2 is phase controlled by an
optical delay line before combining with path 1. Analysis
indicates that when the direct current (dc) bias of MZM
and the phase difference between the two paths are prop-
erly adjusted, the third-order intermodulation distortion

(IMD3) can be suppressed. Simulation results demon-
strate that there is a significant improvement of 21.1 dB in
SFDR as compared with the conventional MZM-based
MPL. The proposed MPL also has the advantages of
simple structure, low cost and high efficiency.

Fig.1 shows the schematic diagram of the proposed
MPL. An optical carrier generated from a LD is given by
Ei(H=E¢exp(jw.t), where E, and w, are the amplitude and
the angular frequency of the optical carrier, respectively.
The optical carrier is divided into two paths (path 1 and
path 2) equally. An MZM with a half wave voltage of V, is
utilized to modulate an RF signal onto the upper optical
carrier in path 1. The RF signal can be expressed as
Vresin(wgrgt), where Vg and wgg are the amplitude and the
angular frequency, respectively. The bias phase shift 8, of
MZM can be adjusted by its dc bias. Assuming the MZM
has infinite extinction ratio, the optical signal at the output
of MZM can be expressed as
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where m=nVye/(2V,) is the modulation index (MI).
a, € (0,1) is the power ratio of the output signal to input
signal of MZM when biasing at the maximum transmis-
sion point, and it is related to the insertion loss. The op-
tical signal after processing in path 2 can be expressed as
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where a, € [0,1] is the power ratio of the output signal to
input signal of the attenuator, and 6, is the phase shift
introduced by the optical phase shifter. The optical signal
after the combination of two paths can be then expressed
as
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LD: laser diode; Att: optical attenuator; PS: optical phase shifter; MZM:
Mach-Zehder modulator; SMF: single mode fiber; PD: photodiode

Fig.1 Schematic diagram of the proposed MPL

Neglecting the single mode fiber (SMF) transmission,
the photocurrent of the desired signal at the angular fre-
quency of wgr can written as
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where 7 is the responsivity of PD. Considering the MI is
usually small, we can simplify expand the Bessel function,
and Eq.(4) can be approximately rewritten as
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From Eq.(5), we can clearly see that the first term on the
right-hand side represents the recovered fundamental RF
signal and the second term can produce the IMD3 com-
ponents. The coefficients of electrical power for the fun-
damental term (C;) and the IMD3 term (C3) can be ex-
pressed as
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The IMD3 terms are considered most troublesome in an
MPL, because they usually fall at frequencies near the
fundamental terms and cannot be filtered, thus limiting the
improvement of SFDR. In the proposed scheme, the
IMD3 can be easily suppressed (Cs=0) by properly ad-
justing the phase bias shift of the MZM, the attenuator and
the optical phase shifter. The IMD3 suppression condition
can be written as

cos—:—i a—cosﬁz. (8)

The modulation efficiency, which is defined as the
power ratio of the recovered fundamental RF signal after
PD to the RF signal driving the modulator, is also a key
indicator of the performance in an MPL. After the sup-
pression of IMD3, the coefficient of electrical power for
fundamental term in Eq.(6) can be rewritten as

C, < [3a,sing] . 9)

Assuming that the insertion loss of the MZM is 3 dB
(a;=0.5), we can find out from Egs.(8) and (9) that the
recovered fundamental signal can achieve its maximum
power when

a,=16,=0,6 =1.23n
or:a,=1,0,=n,6 =0.7Tn, (10)

which indicates that the attenuator is unnecessary, and
only the optical phase shifter is required in path 2 to adjust
the phase difference of the two paths.

A comparison between the modulation efficiency of the
proposed MPL and that of the MZM-based MPL is also
analyzed. According to Eqgs.(1)—(5), if only one path with
an MZM is used in the MPL, the coefficient of electrical
power for fundamental component after PD can be ex-
pressed as

Cpoe < 4a,sin . (11)

1-MZM
The maximum efficiency is achieved when the MZM
works at the quadrature transmission point (6,=0.5m).
According to Egs.(9) and (11), the modulation efficiency
ratio of these two MPLs is
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The enhanced linearity comes at the expense of reducing
the modulation efficiency, which is similar with most
linearization schemes. However, the reduction of modu-
lation efficiency in the proposed MPL is only 6.1 dB, and
is partly due to the decrease of the optical carrier after the
combination of the two paths. Because of the optical
power reduction at PD, the proposed MPL can have a
lower noise floor.

A computer simulation is conducted by VPI transmis-
sion Maker 8.5 to investigate the performance of the
proposed MPL, and the schematic diagram is shown in
Fig.2. A continuous-wave light with wavelength of
1 550 nm, power of 10 dBm, linewidth of 1 MHz and
relative intensity noise (RIN) of —150 dB/Hz is generated
from a LD and polarization controlled before being di-
vided into two paths by an optical coupler. In path 1,
two-tone probe signal with the frequencies of 6 GHz and
6.1 GHz are applied to an MZM via its RF port. The ex-
tinction ratio of MZM is 20 dB, and the half-wave voltage
is 5 V. An optical delay line is placed in path 2 to adjust
the phase difference between the two paths. The optical
signals in the two paths are combined by another optical
coupler, and then detected by a PD. The PD has a re-
sponsivity of 0.6 A/W. An electrical spectrum analyzer
(ESA) is used to show the recovered two-tone signals and
measure the power of the fundamental and IMD3 com-
ponents and the noise floor.

Two tone

PD

0C2

PC: polarization controller; OC: optical coupler; 7: optical delay line;
ESA: electrical spectrum analyzer

Fig.2 Simulation setup of the proposed MPL

The simulation results of the conventional MZM-based
MPL and the proposed linearized MPL are demonstrated for
comparison. At the first step, only path 1 with the MZM bi-
asing at the quadrature transmission point is used to modulate
the two-tone RF signals. The powers of the two-tone signals
are both 8 dBm. The recovered two-tone signals at the ESA
for the conventional MZM-based MPL are shown in Fig.3(a),
in which strong IMD3 components are observed. Then the
proposed MPL with two paths are demonstrated. The dc signal
of MZM is biased to achieve the transmission point at 1.23,
and the optical delay line is adjusted to set the phase difference
of the two paths to be zero according to Eq.(10). The recov-
ered two-tone signals at the ESA for the proposed linearized
MPL are shown in Fig.3(b). As can be seen from Fig.3, the
IMD3 components in the proposed scheme can be suppressed
by 40.2dB as compared with those in the conventional
MZM-based scheme.
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Fig.3 Electrical spectra of the two-tone signals for (a) the
conventional MZM-based link and (b) the proposed link

To investigate the SFDR improvement of the proposed
scheme, the measurements of the output powers of the
fundamental and IMD3 components in the two schemes
are performed, and the results are shown in Fig.4. The
measured SFDR is 102.9 dB-Hz*” in the conventional
MZM-based link, and the measured SFDR in the proposed
link is 124 dB-Hz*” with an improvement of 21.1 dB.

A reduction in the modulation efficiency or a system
gain of 6 dB is also observed, which is in good accordance
with the theoretical calculation in Eq.(12). Notably, the
modulation efficiency reduction in the proposed scheme is
partly due to the decrease of the optical power at PD. So
the noise floor of the proposed MPL is only 162 dBm/Hz,
which is 4.2 dB lower than that in the MZM-based MPL.

0

=20 Fundamental
-40F Gain:-26.8 dB

Output power (dBm)
(o]
S
T

SO0t mimimimine Wcimimic i m = mimimsmimimimi i imimims i mmimimioss = m =i

RF input power (dBm)
(@)



- 0140

-20F F undarw %

g -40T Gain:-32.8 dB 1
S 601
5 g IMD3
g SFDR=
5-100F 124 dBHZ"
[=9
E-120F
é

-140}

-160 .—N‘?‘??.ﬂ?‘??i‘ !_6_27‘!1_3?}/_?[;_ S — e

40 20 0 20
RF input power (dBm)
(b)

Fig.4 Output powers of the fundamental and IMD3 com-
ponents as a function of the input RF power for (a) the
conventional MZM-based link and (b) the proposed link

A 25MSym/s 16-quadrature amplitude modulation
(16QAM) signal at a center frequency of 6 GHz is utilized
to investigate the performance of the conventional
MZM-based link and the proposed link. The received
optical powers at PD are set as 7 dBm in both of the two
links. As can be seen from Fig.5(a), when the input RF
power is below -3 dBm, the error vector magnitude
(EVM) values of both links decrease as the increase of
input RF power. Then the EVM in the conventional
MZM-based link increases rapidly. However, the EVM in
the proposed link decreases continuously until the input
RF power is above 10 dBm. Particularly for the 16QAM
RF signal with the input power of 15 dBm, the measured
EVM values for the conventional MZM-based link and
the proposed link are 7.9% and 0.4%, respectively, and the
corresponding recovered RF spectra and constellations are
shown in Fig.5(b) and (c). It is obvious that the qualities of
the spectrum and constellation are greatly improved in the
proposed link as compared with those in the conventional
MZM-based link.
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Fig.5 (a) EVM versus the input RF power for the conven-
tional MZM-based link and the proposed link; The re-
covered RF spectra and constellations for (b) the con-
ventional MZM-based link and (c) the proposed link

In conclusion, a linearized MPL based on a parallel
structure is proposed and analyzed. By properly adjusting
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the dc bias of the MZM and the phase difference of the
two paths, the IMD3 is suppressed. Simulation results
demonstrate that the proposed link can increase the SFDR
by 21.1dB as compared with the conventional
MZM-based link. The proposed MPL also has the ad-
vantages of simple structure, low cost and high modula-
tion efficiency.
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