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Abstract: An extension of the conventional dual Schottky diode-based predistortion circuit
(PDC) is proposed to linearize directly modulated radio over fiber (RoF) system. The main
advantages of the proposed PDC are simple configuration, excellent distortion suppression,
and broad bandwidth from dc to 6 GHz. By using the proposed cascaded Schottky diodes-
based PDC, the condition of third-order intermodulation nonlinearities suppression can be
more easily satisfied and the optimal linearization effect can be achieved due to the fact that
it has more circuit adjustment parameters. The experimental results show that by using the
proposed PDC, the spurious-free dynamic range (SFDR) @2 GHz of the optical transceiver
which is designed by ourselves can be improved from 93.8 dB·Hz2/3 to 112.1 dB·Hz4/5 in a
1-Hz bandwidth, corresponding to 7.21% error vector magnitude performance improvement
for 20 MHz 64QAM-OFDM @2 GHz signal transmission over 10 km standard single mode
fiber. The linearity improvement by using the proposed PDC has also been verified in a
commercial optical transceiver based RoF system, and the achieved SFDR @ 2 GHz can
be increased from 102.8 dB·Hz2/3 to 121.6 dB·Hz4/5 in a 1-Hz bandwidth.

Index Terms: Radio over fiber (RoF), fiber optics link and subsystems, microwave photonics.

1. Introduction
To support the booming mobile data caused by the huge amounts of mobile applications, the
5th generation (5G) mobile communication network is widely expected since it offers more than
1000 times the capacity than current cellular system [1]. Owing to the cost-effective implementation,
radio over fiber (RoF) technology has attracted great attention in 5G cellular system [2]. There
are two types of RoF systems: directly-modulated and externally-modulated RoF systems. The
RoF system based on directly-modulated distributed feedback (DFB) laser is preferred due to its
extremely low cost and simplified configuration compared with externally-modulated RoF systems
using electro-absorption modulator (EAM) and Mach-Zehnder modulator (MZM) [3]–[5]. However,
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the transmission performance of directly-modulated RoF systems is mainly affected by the nonlinear
intermodulation distortions which are generated by optical and electrical components, especially
directly-modulated DFB lasers [6]. Among all the nonlinear intermodulation distortions, the third-
order intermodulation distortion (IMD3) components are predominant and not easy to be filtered
out due to their proximity with the desired signals [7].

To suppress the IMD3, various linearization approaches have been investigated [8]–[18]. Gen-
erally, additional devices are used to produce new nonlinearities that have equal amplitude but
anti-phase with the nonlinear items for IMD3 suppression. For example, the optical feed-forward
compensation in [8] can not only suppress the IMD3 but also reduce the laser intensity noise. This
scheme involves two pairs of commercial laser diode and photodiode, and the achieved spurious
free dynamic range (SFDR) is 107 dB·Hz2/3 with the limited bandwidth of 500 MHz. Moreover,
the feed-forward linearization scheme requires much concern about optical-coupling ratio and the
effect of loop imbalance to realize optimal IMD3 suppression [9], leading to the increased system
complexity. To simplify the system structure, digital signal post-compensation schemes have been
demonstrated in [10]–[12] to suppress IMD3 effectively at the expense of expensive analog to digital
converter and digital to analog converter, and SFDR of 120 dB·Hz2/3 over a 6 GHz electrical signal
bandwidth is achieved for a standard LiNbO3 MZM-based RoF system in [12]. Due to the fact that
Schottky barrier diode (SBD) has opposite nonlinear characteristics [13], SBD-based pre-distortion
schemes [13]–[18] are considered as pretty-good solutions for IMD3 suppression for their simple
structure, low cost and ultra-bandwidth. SBD-based pre-distortion circuit is used for both directly-
modulated and externally-modulated RoF systems in [17], and SFDR of 117.5 dB·Hz4/5 in a 1-Hz
bandwidth is achieved for a commercial DFB based RoF system. However, once the circuit board
is fabricated, the only parameter that can be tuned is the bias current [18], and thus it’s hard to
satisfy the condition to eliminate the IMD3 completely. Therefore, it is highly desired to propose
a linearization technique for directly-modulated RoF system which demands lower cost, broader
bandwidth and more excellent linearizing performance.

In this paper, an extension of the conventional dual SBD-based pre-distortion circuit (PDC) in
[18] is proposed and applied on the uncooled DFB laser-based optical transceiver, and this optical
transceiver is designed by ourselves. By using the proposed PDC which is composed of cas-
caded SBDs, more adjustable circuit parameters can be achieved to realize broadband-bandwidth
(from DC to 6 GHz) and maximum IMD3 suppression. In our experiment, the SFDR @ 2 GHz of the
RoF system can be improved from 93.8 dB·Hz2/3 to 112.1 dB·Hz4/5 with 18.3 dB SFDR improve-
ment in a 1-Hz bandwidth, corresponding to 7.21% error vector magnitude (EVM) performance
improvement for 20 MHz 64QAM-OFDM @2 GHz signal transmission over 10 km standard single
mode fiber (SSMF). Moreover, the same linearity improvement could be observed in a commercial
optical transceiver-based RoF system, and the achieved SFDR value @ 2 GHz can be increased
from 102.8 dB·Hz2/3 to 121.6 dB·Hz4/5 in a 1-Hz bandwidth. Therefore, the proposed PDC is highly
suitable for directly-modulated RoF system in future 5G cellular system.

2. Operation Principle
Fig. 1 illustrates the schematic diagram of the proposed PDC and the designed optical transceiver.
In the proposed PDC, there are four low-barrier-voltage type SBDs (HSMS8202) which are driven
by two tuning bias voltages U 1 and U 2, as shown in Fig. 1(a). Generally, only odd order nonlinear
components induced by PDC are useful for IMD3 suppression in RoF system, so these two pairs
of SBDs are placed in an anti-parallel manner to avoid producing even order nonlinear compo-
nents [14]. Broadband bias-tee (TCBT-14) is used to replace inductor and capacitor for integration
purpose, and the thin-film resistor in series with each SBD is carefully chosen to match the charac-
teristic impedance (typically 50�) of radio frequency (RF) transmission line in printed circuit board
(PCB). As shown in Fig. 1(b), the designed optical transceiver is composed of low-noise ampli-
fier, electrical bias-tee, commercial 10G-class distributed feedback (DFB) laser with wavelength of
1310 nm and photodiode (PD), trans-impedance amplifier (TIA), and power amplifier (PA).
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Fig. 1. Schematic diagram of the proposed pre-distortion circuit (a) and the designed optical
transceiver (b).

Fig. 2. Principle of linearization by using the proposed PDC (a), and the equivalent circuit of the used
SBD (b).

The brief principle of linearization by using PDC can be explained by a nonlinear transfer function
model, as shown in Fig. 2(a). When the transfer function of the used SBDs is exactly inversed with
that of directly-modulated RoF system, the obtained transfer function will be linear. By using the
proposed PDC which could be tuned by two different bias voltages, the achieved transfer function
of PDC (as shown in the red and solid line in Fig. 2(a)) are more flexible than the conventional one
(as shown in the black and dash line in Fig. 2(a)) which can only be controlled by one bias voltage
in practice [18]. Therefore, the achieved transfer function of the proposed PDC could be easier and
more accurate to match the transfer characteristic of the directly-modulated RoF system. In our
scheme, by carefully adjusting these two bias voltages, the magnitude of IMD3 generated by PDC
is equal to the magnitude of IMD3 induced by DFB laser and the phase difference is π, resulting in
the optimal IMD3 elimination.

By using the small-signal approximation, the usual current-voltage characteristic of a SBD could
be expanded into Taylor series [19], [20] and expressed as

i= I SeVb q/(kT ) +
∞∑

n = 1

gn vn (1)

where Vb and v denote the static bias-voltage and the dynamic small-signal which are driven on
SBD respectively. I S represents the saturation current, and gn can be described as

gn = I S(q/ (kT ))n eVb q/(kT )/n !, (2)

where q, k and T are the elementary charge constant, Boltzmann constant and working temperature,
respectively.

After the first part of PDC which is composed of the first and second SBD as shown in Fig. 1, the
output signal VRF 1 can be expressed as

VRF 1= β1VRF + β3VRF
3, (3)

where VRF is the input RF signal. Even order nonlinear components are completely suppressed
due to the use of push-pull structure, and higher order nonlinearities are ignored due to their
negligible contribution to nonlinear distortions. The nonlinearity coefficient β1 and β3 can be derived
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using the equivalent model as shown in Fig. 2(b). According to the nonlinear model described in
[19], [20], the equivalent circuit of SBD can be replaced by one linear conductor and several current
sources, and the nonlinear conductor can be substituted with a conductor g1 and nonlinear current
source i 2 and i 3. Obviously,

i 1 = g1V1

i 2 = g2V 2
1

i 3 = 2g2V1V2 + g3V 3
1 (4)

where V1 and V2 represent the voltage applied to the conductance g1 due to current sources i 1 and
i 2, respectively. By using circuit theory and utilizing (1), (2) and (4), β1 and β3 can be given by

β1 = (1 + g1R b) Z load

(1 + g1R b) (Z S + Z load ) + g1Z SZ load

β3 =
[
2g2

2 (Z SZ load + R b (Z S + Z load )) + g3
]

Z SZ 4
load

((1 + g1R b) (Z S + Z load ) + g1Z SZ load )4
(5)

where Z S and Z load is the impedance of signal source and the load, respectively, and R b represents
thin-film resistor in series. It is noted that the transmission lines which are used for impedance
matching in this circuit are neglected for simplicity in our analysis.

In the proposed PDC, the relationship between the tuning voltage U and the static bias-voltage
Vb can be described as

U = 2 (Vb + i · R b) ≈ 2Vb + 2I SR beVb q/(kT ) (6)

Due to the fact that the series resistance R b is fixed once PDC is fabricated, β1 and β3 can be
simplified and rewritten as a function of the first tuning voltage U 1 according to (2) and (5), (6).
Assuming β1 = f (U 1) and β3 = h (U 1), (3) can be rewritten as

VRF 1= f (U 1) VRF + h (U 1) VRF
3 (7)

Similarly, the output signal VRF 2 of the second part of the proposed PDC which is composed of
the third and fourth SBD as shown in Fig. 1 can be expressed as

VRF 2= f (U 2) VRF 1 + h (U 2) VRF 1
3, (8)

where U 2 is the tuning voltage in these two SBDs. Substituting (7) to (8), (8) can be rewritten as

VRF 2= f (U 2) f (U 1) VRF + (
f (U 2) h (U 1) + h (U 2) f 3 (U 1)

)
VRF

3 (9)

Generally, by ignoring distortions higher than 3rd order due to their negligible contribution, the
output signal of a directly-modulated RoF system could be given by Vout= γ1Vi n + γ2Vi n

2 + γ3Vi n
3,

where γ1, γ2 and γ3 are the nonlinearity coefficients. Based on the above analysis, when the
proposed PDC scheme is adopted, the output signal of RoF system can be rewritten as

Vout = γ1f (U 2) f (U 1) Vi n + γ2f 2 (U 2) f 2 (U 1) Vi n
2

+ (
γ1f (U 2) h (U 1) + γ1h (U 2) f 3 (U 1)

+γ3f 3 (U 2) f 3 (U 1)
)

Vi n
3 (10)

Obviously, to completely suppress IMD3, the following condition must be satisfied,

γ1f (U 2) h (U 1) + γ1h (U 2) f 3 (U 1) + γ3f 3 (U 2) f 3 (U 1) = 0 (11)

It could be clearly observed that if h (U 1)= 0, (11) can be simplified as

γ1h (U 2) + γ3f 3 (U 2) = 0 (12)

In this case, only U 2 is needed to be tuned for IMD3 elimination, and the proposed scheme is
simplified down to a dual SBD-based PDC as same as the scheme reported in [18]. In this dual
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Fig. 3. Simulation curves of relative IMD3 versus bias voltages in RoF system by using the dual SBD-
based PDC in [18] (a) and the proposed PDC (b).

SBD-based PDC scheme, it is not easy to make γ1h (U 2) + γ3f 3(U 2) small enough just by tuning one
bias voltage U 2 in practice. However, there are at least two adjustable circuit parameters U 1 and
U 2 in the proposed PDC, and these two parameters could be used for tuning to achieve maximum
IMD3 suppression.

To evaluate the feasibility of the proposed scheme, a simulation setup based on MATLAB has
been built up. The simulation curves of relative IMD3 defined as IMD3 to fundamental compo-
nent power ratio versus bias voltages in directly-modulated RoF system by using the dual SBD-
based PDC [18] and the proposed PDC are shown in Fig. 3(a) and (b) respectively. In the sim-
ulation, a two-tone RF signal of 0 dBm is used, and the frequency is set to 1.999 GHz and
2.001 GHz. The transfer function of the proposed PDC is calculated by (3) and (5). Considering
the actual experimental condition, the tuning voltage step is set to 0.1 V. As shown in Fig. 3(a), the
relative IMD3 could be decreased to −70.4 dBc when U 1 = 1.2 V , and relative IMD3 value is sen-
sitive to bias voltage when close to the best IMD3 elimination point, making it not easy to suppress
IMD3 completely in practice. However, by using the proposed scheme, the achieved relative IMD3 is
−86.8 dBc when U 1 = 1.5 V and U 2= 1.7 V . Moreover, the measured relative IMD3 value is below
−80 dBc and it changes slowly when U 1 and U 2 vary around 1.5 V and 1.7 V respectively, resulting
in the increase of bias voltage margin.

3. Experimental Setup and Results
The experimental setup of a RoF system by using the proposed PDC and optical transceiver
designed by ourselves are shown in Fig. 4, and 10 km SSMF is used in the test. The dual SBD-
based PDC reported in [18] is also designed and fabricated for comparison in our experiment. The
size of the proposed PDC and optical transceiver is 30 mm×17 mm and 65 mm×45 mm respectively.
By using a vector network analyzer (VNA, R&S ZVL6), the S-parameters of the proposed PDC and
optical transceiver are measured. As shown in Fig. 5(a) and (b), the results indicate that the effective
bandwidth of optical transceiver is from 0.5 GHz to 6 GHz, and this high-pass filtering property could
be attributed to the used high power amplifier. The designed PDC can cover from DC to 6 GHz,
and the measured S21 value is decreased to −3 dB until 6 GHz.

In our test, a two-tone input RF signal is generated by a vector signal generator (VSG, R&S
SMBV100A). The RF power is set to 0 dBm, and the frequency is set to 1.999 GHz and
2.001 GHz. An electrical signal analyzer (ESA, R&S FSV) is used to measure power of the nonlinear-
ities, including the third-order intermodulation distortion and the fifth-order intermodulation distortion
(IMD5). The same optical transceiver is used for both the dual SBD-based PDC and the proposed
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Fig. 4. Experimental setup of a RoF system by using the proposed PDC and optical transceiver designed
by ourselves.

Fig. 5. Measured S-parameters of the proposed PDC (a) and optical transceiver (b).

Fig. 6. Measured relative IMD3 and IMD5 versus bias voltages in RoF system with the dual SBD-based
PDC (a) and the proposed PDC (b) and (c).

PDC. Note that relative IMD3/IMD5 defined as IMD3/IMD5 to fundamental component power ratio
are adopted in Fig. 6 to get rid of the influence induced by the changes of fundamental component.
Fig. 6(a) shows the measured relative IMD3 and IMD5 as a function of different bias voltage U 2 in
the dual SBD-based PDC. Fig. 6(b) and (c) illustrate the measured relative IMD3 and IMD5 as a
function of different two bias voltages U 1 and U 2 in the proposed PDC respectively. It could be clearly
observed that in the RoF system where the dual SBD-based PDC is used, the relative IMD3 and
IMD5 can be decreased to −51.1 dBc and −63.5 dBc respectively when U 2 = 1.1 V . However, by
using the proposed PDC, the relative IMD3 and IMD5 can be further decreased to −63.2 dBc
and −62.7 dBc respectively when U 1= 2.0 V and U 2 = 1.1 V , as shown in Fig. 6(b) and (c).
Obviously, this RoF system is now limited by IMD5. It should be noted that relative IMD3 and
IMD5 could not reach the minimum value simultaneously, so the linearization effect of the RoF
system is required to be optimized by considering both IMD3 and IMD5. As last, the bias voltages
of U 1= 2.0 V and U 2 = 1.1 V are chosen for EVM performance evaluation in our experiment.
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Fig. 7. Measured SFDR (a) and SFDR improvements (b) in our optical transceiver based RoF system
with the proposed PDC and the dual SBD-based PDC.

Fig. 7(a) shows the measured output RF power with respect to input RF power and the calculated
SFDR of the RoF system without PDC, with the proposed PDC and with the dual SBD-based PDC,
respectively. In the test, the central frequency and frequency spacing of two-tone RF signal are set
to 2 GHz and 2 MHz, respectively. It could be clearly observed that the SFDR is improved from
93.8 dB·Hz2/3 to 101.4 dB·Hz2/3, corresponding to 7.6 dB SFDR improvement in a 1-Hz bandwidth
due to the use of dual SBD-based PDC. The SFDR is limited by IMD3, yielding a slope-of-3
dependence on input RF power. The noise floor in our test is −140 dBm/Hz. However, by using
the proposed PDC, two bias voltages could be tuned in turn to maximum the IMD3 suppression,
and the results show that 18.3 dB SFDR improvement from 93.8 dB·Hz2/3 to 112.1 dB·Hz4/5 in a
1-Hz bandwidth is achieved. It means that the power of residual IMD3 components is smaller than
that of residual IMD5 components, and this RoF system is now limited by IMD5, yielding a slope-
of-5 dependence on input RF power. The SFDR improvements by using a two-tone RF signal with
different central frequency from 0.5 GHz to 3 GHz are also tested and shown in Fig. 7(b). Overall, the
SFDR improvements fluctuate over the bandwidth, and the maximum SFDR improvement of 18.3 dB
(1-Hz instantaneous bandwidth) is obtained when the central frequency of two-tone RF signal is
2 GHz. However, the proposed PDC obviously outperforms the dual SBD-based PDC over the test
bandwidth.

The propose PDC and optical transceiver are also evaluated by 20 MHz 64QAM-OFDM signal
with carrier frequency of 2 GHz, and 10km SSMF is used in our test. In the experiment, 20
MHz 64QAM-OFDM signal is generated by VSG (R&S SMBV100A), and the EVM performance of
the received RF signal is calculated by an electrical signal analyzer (ESA, R&S FSV). Fig. 8 shows
the measured EVM performance of the RoF system without PDC, with the proposed PDC and with
the dual SBD-based PDC respectively. The EVM performance is calculated as a function of the
input RF power of the optical transceiver considering that the insertion loss of PDC is around 2 dB.
In the RoF system without PDC, the achieved output RF power is −3 dBm at the EVM limit of 8%.
By using the dual SBD-based PDC, the achieved output RF power can be increased to −1 dBm
at the EVM limit. However, by using the proposed PDC the achieved maximum input RF power
can be increased to 1 dBm notably at the EVM limit. The constellation diagrams of the received
RF signals are also plotted in the insets of Fig. 8. It could be clearly observed that without PDC,
the calculated EVM is 9.18% when the input RF power of optical transceiver is −2 dBm. By using
the dual SBD-based PDC, the EVM value is decreased to 5.22%, but the EVM value could be
further reduced to 1.97% if the proposed PDC is used. Obviously, the proposed PDC has better
linearization effect with 18.3 dB SFDR and 7.21% EVM performance improvement.

To verify the applicability and generality of the proposed PDC, experimental investigations are
performed in another RoF system based on the commercial directly-modulated transmitter and
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Fig. 8. Measured EVM performance in our optical transceiver based RoF system without PDC, with the
proposed PDC and with the dual SBD-based PDC.

Fig. 9. Measured SFDR (a) and EVM performance (b) in commercial transceiver based RoF system
without PDC, with the proposed PDC and with the dual SBD-based PDC.

receiver (FT-0XN310FS-V000 and FR-0XB00FS-V000 made by SKYASTAR), and the dual SBD-
based PDC is also tested for comparison. As shown in Fig. 9(a), the SFDR with respect to frequency
of this commercial transceiver can reach up to 102.8 dB·Hz2/3 (in a 1-Hz bandwidth) at 2 GHz. The
dual SBD-based PDC could help to increase SFDR value to 107.3 dB·Hz2/3 (in a 1-Hz bandwidth)
at 2 GHz, and the maximum SFDR value of 121.6 dB·Hz4/5 can be achieved by using the proposed
PDC. In this case, this RoF system is limited by IMD5. Similarly, 20 MHz 64QAM-OFDM signal with
carrier frequency of 2 GHz is transmitted over 10 km SSMF for EVM performance testing. Obviously,
at a given input RF power 0 dBm, the calculated EVM value is 7.61%, 3.47%, and 0.89% without
PDC, with the dual SBD-based PDC and with the proposed PDC respectively, as shown in Fig. 9(b).
The constellations of the received RF signals are also plotted in the insets of Fig. 9(b). Overall, the
proposed PDC proves to be more effective for linearizing commercial optical transceiver.

5. Conclusion
In conclusion, we have successfully demonstrated an improved pre-distortion circuit for directly-
modulated radio over fiber system. By using the proposed cascaded Schottky diodes based PDC,
the tuning dimension is increased and the maximum IMD3 could be easily achieved. The experi-
mental results show that the SFDR can be improved to 112.1 dB·Hz4/5 with 18.3 dB improvement
(in a 1-Hz instantaneous bandwidth) in the RoF system using optical transceiver designed by
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ourselves. At a given input RF power of −2 dBm, the proposed PDC can help to increase the
EVM performance of 20 MHz 64QAM-OFDM signal from 9.18% to 1.97%. The proposed PDC also
proves to be effective for commercial optical transceiver, whose SFDR can be extremely improved
to 121.6 dB·Hz4/5. These results indicate that the proposed PDC performs well in linearizing the
directly-modulated RoF system. Since the proposed PDC has the advantages of simple configura-
tion, excellent distortion suppression and broad bandwidth from DC to 6GHz, the proposed scheme
has great potential applications for directly-modulated RoF system in future 5G cellular system.
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