
0018-9197 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JQE.2017.2704929, IEEE
Journal of Quantum Electronics

 1

 
Abstract—For commercial and military applications, it is 

highly desired to acquire broadband radio frequency (RF) signals 
from remotely located receiving antennas to the central office (CO) 
for centralized signal processing such as down-conversion. In this 
paper, a photonic approach for image-free microwave frequency 
down-conversion is proposed for antenna remoting scenarios. The 
RF signal is captured by the phase modulator (PM) at remote 
antenna unit and transmitted over a long fiber link to the CO for 
performing frequency down-conversion. In analog with the 
Hartley architecture in the electronic domain, two in-phase (I) 
and quadrature (Q) intermediate frequency (IF) components are 
generated by using an electro-optic polarization modulator (PolM) 
and two polarizers. To achieve large image rejection ratio (IRR), 
the digital post-processing technique is introduced to accurately 
compensate the amplitude and phase imbalances between the I 
and Q IF signals. In the experiments, a 2-km single-mode fiber 
link is inserted between the PM and PolM. As the LO signals are 
set as 35 GHz and 3 GHz, two target sinusoidal signals at 35.5 and 
3.1 GHz are applied with two image signals, a sinusoidal signal at 
34.5 GHz and a broadband RF signal centered at 2.9 GHz, 
respectively. Then both real-time analog and off-line digital 
processing methods are used to process the generated I and Q IF 
signals for image rejection, yielding an IRR over 45 and 60 dB 
respectively, when the sinusoidal image signal is applied. The 
distortions from the broadband 2.9-GHz image RF signal is also 
effectively suppressed by using the two processing methods. The 
proposed approach is capable of covering a wide frequency range 
from 5 to 40 GHz.  
 

Index Terms—microwave photonics, antenna remoting, 
photonic frequency down-conversion, image reject, digital signal 
processing.  

I. INTRODUCTION 

ICROWAVE frequency down-conversion is of critical 
importance in the microwave systems. Compared with 

the down-conversion implemented by conventional electrical 
mixer, the microwave photonic mixer (MPM) is characterized 
by high isolation, low transmission loss, wide bandwidth, and 
immunity to the electromagnetic interference. In addition, 
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assisted by long fiber-optic links, the frequency 
down-conversion using MPM has been considered as an 
enabling solution to meet the demand of antenna remoting 
applications, such as radio over fiber (RoF), cellular wireless 
network, electronic warfare, remote sensing and radar [1]-[4].  
    Regarding MPMs, cascaded electro-optic modulators 
(EOMs) [5], [6] are frequently used, providing high isolation 
between radio frequency (RF) signal port and microwave local 
oscillator (LO) signal port within a wide operation bandwidth. 
Subsequently, a number of distinct MPMs have been proposed 
[7]-[16] to improve the key performance indicators, including 
conversion efficiency [7], [8], spurious free dynamic range 
(SFDR) [9]-[15], idle frequency suppression [16]. Nevertheless, 
the MPM is usually implemented through a heterodyne 
structure to obtain a nonzero intermediate frequency (IF) signal, 
while an existing image signal might bring in-band 
interferences. The target signal and image signal, which are 
located at both sides of the LO signal with approximately equal 
frequency spacing, will be translated to the same IF band. 
Although the image signal can be filtered out prior to 
down-conversion [17], it is arduous to build filter with 
sufficient selectivity and high dynamic range for 
high-frequency RF signals and low-frequency IF signals. 
Another practical alternative architecture can be the Weaver 
and Hartley architectures, where the image signal can be 
effectively suppressed using in-phase (I) and quadrature (Q) 
conversion systems without filter [18]. In recent years, a few 
MPMs using Hartley architecture have been reported to solve 
the problem of image [19]-[22]. In [19], an electrical LO 
90-degree hybrid is needed and only the numerical simulation 
is performed. The 90-degree optical hybrid and microwave 
photonic phase shifter are introduced in [20]-[22] to obtain I 
and Q IF signals and an image rejection ratio (IRR) of ~60 dB is 
observed in the experiments. In addition, in [23], an integrated 
dual-parallel Mach–Zehnder modulator (MZM) with a 
90-degree polarization rotator in one arm is used to achieve 
high conversion efficiency and image rejection.  

The frequency down-conversion approaches in [20]-[23] 
might be proposed for local scenarios, where LO signal 
synthesizer with filtering or bias control should be assembled in 
the same receiving unit. While for antenna remoting scenarios 
where RF signal receiving at remote location from the base 
station in RoF or electronic warfare systems, simplified 
receiving unit is more desired. A typical antenna remoting or 
fiber-based microwave signal relay scenario can be seen in [24], 
demonstrating the cloud-ROF access scheme. In the 
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cloud-ROF access system, only optic-electro/electro-optic 
conversion, and RF antennas are needed at the remote antenna 
unit (RAU), while digital-to-analog/analog-to-digital 
conversion and RF frontend functions should be shifted to the 
baseband processing unit (BBU), i.e., central office (CO). This 
centralized signal processing can enable more advanced and 
efficient network coordination and management. Accordingly, 
for some applications involving antenna remoting, the RF port 
and LO port locating at different unit is more preferable. A 
microwave photonic down-conversion approach that uses 
cascaded phase modulators is proposed in [25], which can find 
applications in heterodyne image rejection and fiber-optic 
antenna remoting. However, the need of an electrical LO 
90-degree hybrid and three modulators makes the system 
complicated. Furthermore, the MPMs with Hartley architecture 
will suffer from the problem of imbalances of phase and 
amplitude between two signal paths, and the IRR is limited to 
around 30–40 dB for 1°–5° phase imbalance or 0.2–0.6 dB 
amplitude imbalance [18]. Hence, we proposed a microwave 
down-conversion approach with large IRR utilizing digital 
signal processing in [26], where the digital post-processing 
method is used to accurately compensate for the amplitude and 
phase imbalances between the I and Q IF signals. 

In this paper, we describe in detail this photonic microwave 
frequency down-conversion approach with image rejection for 
antenna remoting. In the proposed scheme, the RAU and CO 
are connected by optical fiber link for transmission of RF signal 
over a long distance. When the deployment and maintenance 
costs are taken into account, the simplified RAU consists of a 
bias-free phase modulator to facilitate electro-optic modulation. 
At the CO, the phase-modulated optical signal is remodulated 
by an LO signal through the polarization modulator (PolM). 
The PolM is incorporated with optical bandpass filter (OF) and 
polarizers to generate I and Q IF signals. Furthermore, since the 
low-frequency IF signals can relax the requirement of sample 
rate of analog-to-digital converter (ADC) and the improvement 
of SFDR of MPM using digital post-processing have been 
intensively studied in the past few years [10]-[13]. In this paper, 
the digital post-processing technique is used to accurately 
compensate for the amplitude and phase imbalances between 
two generated I and Q IF signals for large IRR. In the 
proof-of-concept experiments, after transmission over a 2-km 
fiber link, the target sinusoidal signals at 35.5 GHz is 
successfully down-converted to a 0.5-GHz IF signal. When 
applying an image sinusoidal signal at 34.5 GHz, the real-time 
analog processing and off-line digital processing of generated I 
and Q IF signals for image rejection are carried out, 
respectively. An IRR over 45 dB or 60 dB is achieved for the 
real-time processing or off-line processing. As another case, a 
target sinusoidal signal at 3.1 GHz is down-converted to a 
0.1-GHz IF signal with effective suppression of distortion from 
a broadband image RF signal carrying baseband data and 
centering at 2.9 GHz. Furthermore, the RF signals ranging from 
5 to 40 GHz are successfully down-converted to the 500-MHz 
IF signals. 

II. PRINCIPLE 

A. Hartley architecture for image rejection 

The Hartley image-reject architecture is shown in Fig. 1. The 
input RF signal is firstly mixed with the quadrature outputs of 
LO signal and filtered by the low pass filters to generate I and Q 
IF signals. Afterwards, the signal at one of the two paths will 
experience a 90° phase shift before adding them together. As 
the principle illustrated in Fig. 1, the IF signals at two paths 
contain the target signal with same polarity and the image 
signal with opposite polarity. Therefore, the image signal is 
canceled through the summation of signals from two paths, 
while the target signal is maintained [18]. 

IFIF

ima LO sig sin( )LOt
cos( )LOt IF

 
Fig.1. Hartley architecture for image rejection. LPF: low pass filter. 

B. Photonic generation of I and Q IF signals  

Inspired from the Hartley image-reject architecture presented 
above, the schematic diagram of the proposed microwave 
photonic down-conversion approach is shown in Fig. 2(a). The 
target and image RF signals are received by the antenna at RAU. 
The optical carrier from a laser source is modulated by the 
received RF signals through PM. When the target and image RF 
signals with angular frequencies at RF LO IF     are 

applied to the RF port of PM, the output electrical field of PM 
can be expressed as 

1 cos( )( ) c RFj t j t
PM inE t E e e   ,                      (1) 

where inE  and c  are the amplitude and angular frequency of 

optical carrier, 1 1( /RFV V   ） is the modulation index of 

PM, which is related to the amplitude of input RF signals 

(i.e., RFV ), 1V  is the half-wave voltage of PM. Then, the phase 

modulated lightwave is sent to the CO through fiber link. Under 
small signal modulation, the electrical field of the 
phase-modulated lightwave after the transmission over a 
segment of fiber link is expressed as 

 0 1 2( ) ( )
01 11 11( ) +c RF RFj t j j t j t

PMF inE t E e J e jJ e jJ e         ,   (2) 

where ( )kr k rJ J   and ( )nJ   is the nth-order Bessel function 

of first kind. i  ( 0,1, 2i  ) are the additional phases introduced 

by the fiber link. At the CO, the phase-modulated lightwave is 
injected into the PolM, oriented at an angle of 45 to one 
principle axis of PolM. Since the PolM is a special phase 
modulator that supports both transverse-electric (TE) and 
transverse-magnetic (TM) modes with opposite phase 
modulation indices. LO signal with angular frequency LO  is 

applied to the PolM and the output electrical fields of two 
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orthogonal directions of PolM can be written as 
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in which 2 2( /LOV V   ） is the modulation index of PolM, 

which is related to the amplitude of input LO signal (i.e., LOV ), 

2V is the half-wave voltage of PolM. Afterwards, to implement 

a microwave photonic phase shifter (MPS) for the IF signals, 
the remodulated optical wave is sent to an OF to eliminate the 
lower sidebands, yielding a single sideband modulation (SSB) 
[27]. Under small signal modulation condition, the output of 
OF can be written as 
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(4) 

The filtered optical signal is then amplified by the 
Erbium-doped fiber amplifier (EDFA) and split into two paths 
by a 3-dB optical coupler, where each path contains a 
polarization controller (PC) and a polarizer. At one path, by 
adjusting the PC before polarizer, the polarization direction of 
polarizer is oriented at an angle of   to one principal axis of 
the PolM. The combined electrical field at the output of the 
polarizer is 

( ) cos sin j
Pol x yE t E E e     ,                  (5) 

where   in (5) is the static phase difference between xE  and 

yE  introduced by PC before polarizer. When the combined 

electrical fields in two paths are sent to the low-speed 
photodetectors (PDs), the output photocurrents in two paths can 
be both expressed as  

2 2( ) [cos cos( ) sin cos( )

cos sin cos( ) cos sin cos( + )]
F F

F F

I t R Y t t

t t

     
         

    
     

, 

(6) 
where only the IF signal at F RF LO     is considered, and 

2

01 02 11 02inY E J J J J  , 1 0= -   , R  is the responsivity of PD. 

When / 2   , (6) can be derived as 

( ) cos( 2 + )Fi t R Y t     .                            (7) 

From (7), it is clear that an MPS for the IF signal is 
implemented, similar to that for processing microwave signal in 
[27]. Accordingly, the in-phase IF signal [i.e., cos( + )F t  ] 

and quadrature IF signal [i.e., sin( + )F t  ] can be generated in 

two paths for 0   and 45    , respectively. Afterwards, 
as the theory of Hartley architecture shown in Fig.1, to 
implement image rejection, electrical processing of I and Q IF 
signals is required. An electrical 90-degree hybrid is used to 
implement real-time analog processing. Moreover, to achieve 
large IRR, the I and Q IF signals with low frequency are 
sampled by the ADC and thereby off-line digital processing is 
carried out. 

C. Digital post-processing for image rejection 

In practical applications, the imbalances of gain and phase 
are inherently existed for different physical path and devices in 
two I and Q paths. Therefore, by ignoring the constant term (i.e., 
 ) in (7), the detected I and Q IF signals can be expressed as 

1( ) cos( )IF RF LOI t G t t    ,                     (8) 

2( ) sin( )IF RF LOQ t G t t     ,             (9) 

where 1G  and 2G  represent the amplitudes of the I and Q IF 

signals, and   is the phase deviation for accurate 90 degree 
phase shift. Here, we assume the frequency of target signal as 

RF LO IF     and that of image signal as RF LO IF    . 

For the image signal, the I and Q IF signals can be rewritten as  

1( ) cos( )IF IFI t G t ,                                 (10) 

2( ) sin( + )IF IFQ t G t    .                       (11) 

The amplitude imbalance can be easily compensated by 
comparing the maximum values of fast Fourier transform (FFT) 
power spectra of two I and Q IF signals. To compensate the 
phase imbalance, we multiply the FFT of quadrature IF signal 
by the coefficient of exp( ( / 2 ) sgn( ))j       , and  

1 0
sgn( )

1 0







  
                . (12) 

Hence, the phase shift of / 2   can be achieved in time 
domain for the quadrature IF signal, which can be described as 

_ 2( ) cos( )IF processed IFQ t G t             . (13) 

From (13), it is can be easily derived that when 1 2/G G  , the 

image signal can be totally eliminated by adding the digitally 
processed quadrature IF signal and unprocessed in-phase IF 
signal.  

While for the target signal at RF LO IF    , the I and Q IF 

signals is  

1( ) cos( )IF IFI t G t ,                           (14) 

2( ) sin( )IF IFQ t G t   .                  (15) 

Then, after digital processing, the phase-shifted quadrature IF 
signal is 2 cos( 2 )IFG t     . Therefore, the target signal 

can be optically down-converted to the IF signal, while the 
image signal is suppressed after digital processing. It should be 
noticed that, in the digital post-processing, the value of   is 
obtained by searching the optimum value to achieve a 
maximum IRR within a certain phase range. Accordingly, to 
reduce the time and space complexity of digital signal 
processing (DSP), photonic generation of accurate I and Q IF 
signals is highly required in the proposed approach. 

III. EXPERIMENTS AND DISCUSSION 

To verify the proposed approach, experiments based on the 
setup shown in Fig. 2(a) are performed. The optical carrier with 
power of 11 dBm is emitted from a tunable narrow linewidth 
laser with wavelength at 1551.18 nm. The lightwave is then 
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modulated by RF signal using a PM with 3-dB bandwidth of 40 
GHz and half-wave voltage of 7 V. Another 40-GHz PolM with 
a half-wave voltage of 5.3 V is connected to the PM via a 2-km 
single-mode fiber (SMF) spool and driven by the LO signal. An 
OBPF is used to filter out one of the first-order sideband and the 
EDFA is used to amplify the optical signal. Afterwards, the 

amplified signal is split into two paths and each path contains a 
PC and a polarizer. By adjusting PC2 and PC3, the optical 
signals in two paths are then applied to the low-speed PDs for 
the generation of I and Q IF signals. Eventually, the generated I 
and Q IF signals are sent to the electrical processing module for 
image rejection. 
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Fig.2. (a) Schematic of the proposed photonics-assisted microwave frequency down-conversion approach. PM: phase modulator, PC: polarization controller; PolM: 
polarization modulator; OF: optical bandpass filter; Pol: polarizer; EDFA: Erbium-doped fiber amplifier; OC: optical coupler; PD: photodetector; EPM: electrical 
processing module. RAU: remote antenna unit; CO: central office. (b) Real-time analog and off-line digital EPMs. A/D: analog-to-digital conversion; DSP: digital 
signal processing; 

The target sinusoidal signal at 35.5 GHz generated from a 
microwave signal generator is firstly applied to the PM. A 
35-GHz microwave LO signal is applied to the PolM. The 
power levels of the target sinusoidal RF and LO signals are set 
as 10 dBm and 11 dBm, respectively, to optimize the 
conversion efficiency of the proposed MPM. Figure 3 shows 
the optical spectra before and after OF. Noted that, in theory, a 
carrier-suppressed single-sideband (CS-SSB) modulation is 
still available for the generation of I and Q IF signals and the 
unwanted mixing spurs can be eliminated as in [20]. However, 
to cover lower frequency range, SSB modulation is used here 
for the limited roll-off factor of OBPF. As shown in Fig. 3, the 
upper sidebands are effectively suppressed by the OBPF while 
the optical carrier and lower sidebands are remained with few 
power losses.  
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Fig.3. Measured optical spectra before (blue dashed line) and after (black line) 
OBPF; red line: spectral response of OBPF.  

A. Real-time analog processing of I and Q IF signals 

First, the optical powers injected into the two PDs of 
identical responsivity are set as 0 dBm. Fig. 4(a) shows the 
measured electrical waveforms of 0.5-GHz I and Q IF signals, 
where the photonic generation of accurate I and Q IF signals 
can be observed. On the other hand, another sinusoidal signal at 
34.5 GHz is applied to the PM, acting as an image one. As 
shown in Fig. 4(b), both the I and Q IF signals are generated, 
while the quadrature IF signal is shifted by 180° compared with 
that down-converted from the target signal. It should be 
emphasized that a built-in integrated polarizer can be found at 
the input port of the PolM used, whose principle axis is oriented 

at an angle of 45  with respect to one principle axis of the 

PolM. Therefore, the adjustment of PC1 is used to maximum 
the output power of the PolM. Furthermore, in theory, a 
90-degree relative phase difference between the I and Q paths is 
required. Accordingly, in practical experiments, the generation 
of I and Q IF signals is simply achieved by the adjusting one of 
the two PCs (PC2 and PC3) in two paths. 

When the real-time analog processing method is employed, 
the I and Q IF signals are combined by using an electrical 
90-degree hybrid to implement image rejection, as shown in 
Fig. 2(b). The corresponding electrical spectra of the IF signals 
are measured and shown in Fig. 5(a). When the target 
sinusoidal signal at 35.5 GHz is applied, a 0.5-GHz IF signal 



0018-9197 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JQE.2017.2704929, IEEE
Journal of Quantum Electronics

 5

with a power level of -15 dBm is generated and the IF signal 
down-converted from the image signal at 34.5 GHz is about -60 
dBm, demonstrating an IRR of 45 dB. 
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Fig.4. (a) Measured temporal waveforms of I (blue line) and Q (red line) 
500-MHz IF signals down-converted from the target signal (a) and image signal 
(b).  
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Fig.5. Measured electrical spectra of IF signals down-converted from the target 
signal (red line) and image signal (blue line) with a (a) 2-km or (b) 25-km fiber 
link. 

Furthermore, to demonstrate the capability of achieving 
antenna remoting, a 25-km-long SMF is used to replace the 
2-km one. As shown in Fig. 5(b), due to the linear transmission 
loss, the power level of generated IF signal from the target 
signal decreases to -24.5 dBm. In this way, the measured IRR is 
36 dB. However, it should be noticed that the degradation of 
IRR is mainly due to the reduced peak power of the generated 
IF signal from target signal, while the IF signal generated from 
the image signal can be effectively suppressed after 
transmission over a long fiber link. The phase noises of the 
generated IF sinusoidal signals for the 2-km and 25-km fiber 
links are also measured and shown in Fig. 6, where similar 
phase noise characteristics for two cases are observed. 
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Fig.6. Measured phase noises of the generated IF signals for the 2-km fiber link 
(red line) and 25-km fiber link (blue line).  

With a 2-km fiber link, the conversion efficiency, which is 
defined as the ratio between output IF power to the RF input 
power, of proposed down-converter for different RF 
frequencies in the frequency range from 5 to 40 GHz are 
measured and shown in Fig.7, where the LO frequency is tuned 

to obtain 500 MHz IF signals. From Fig. 7, to achieve SSB 
modulation, the IF output power for RF signal at low frequency 
will be affected by the limited roll-off factor of OBPF. 

Finally, the spurious free dynamic range (SFDR) of the 
proposed MPM is measured by applying two RF tones at 35.5 
and 35.51 GHz. When the frequency of the LO signal is set as 
35 GHz, the fundamental harmonic (@ 0.5 or 0.51 GHz) and 
third-order inter-modulation distortion (IMD3) (@ 0.49 or 0.52 
GHz) of the IF signal are measured under different input RF 
power levels. As illustrated in Fig. 8, the noise floor is 
measured as -141 dBm in a 300-Hz bandwidth that is limited by 
the minimum scanning bandwidth of the available electrical 
spectrum analyzer. Therefore, the calculated SFDR here is 
calculated as 103 dB·Hz2/3. In addition, in our proposal the 
CS-SSB modulation is still available for the generation of I and 
Q IF signals. With aid of the CS-SSB modulation, the unwanted 
mixing spurs can be effectively suppressed and hence the 
SFDR can be greatly improved [22]. 
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Fig.7. Measured conversion efficiencies for different RF frequencies in the 
frequency span of 5 to 40 GHz. 
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Fig.8. Fundamental harmonic (red line) and third-order distortion (blue line) of 
the output IF signal measured under different input RF power levels. Inset: 
measured noise floor in 300-Hz bandwidth (black line). 
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Fig.9. Measured electrical spectra of IF signals processed by the normal 
electrical 3-dB coupler (a) and electrical 90-degree hybrid (b).  

To further verify the image rejection function of the 
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proposed approach, we apply a broadband 10-MBaud 
16-quadrature-amplitude-modulation (QAM) RF signal at 2.9 
GHz generated from a commercial vector signal generator 
(R&S SMBV100A) and a target sinusoidal RF signal at 3.1 
GHz to the PM simultaneously. Another LO signal at 3 GHz is 
sent to the PolM. Therefore, 100-MHz IF signals with and 
without the base-band digital signal modulation can be 
generated by optical mixing. As the measured electrical 
spectrum shown in Fig. 9(a), when the I and Q IF signals are 
combined by a normal electrical 3-dB coupler, the IF signal at 
100 MHz from the image signal will cause serious distortion to 
that from the target signal. As shown in Fig. 9(b), after being 
processed by the electrical 90-degree hybrid, the IF signal from 
the image signal can be effectively suppressed and the IF signal 
from the target signal remains, demonstrating an 
signal-to-noise (SNR) performance improvement of 22 dB. 
Octave harmonic components such as the 2nd-order one can be 
eliminated by additional filtering. 

B. Off-line digital processing of I and Q IF signals 

To implement image rejection with large IRR, the off-line 
digital processing is carried out to accurately compensate the 
amplitude and phase imbalances between two generated I and 
Q IF signals. To simulate the amplitude imbalance, two PDs 
with different responsivities are used and the generated 
electrical signals in two paths are digitalized by two channels of 
real-time oscilloscope running at 40 GS/s (LeCroy 
WaveMaster 813Zi-A) for the digital post-processing. The data 
length and time window are set to be 200002 and 5 µs 
respectively, to recover the signal without distortion. 
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Fig.10. Measured temporal waveforms of I (red line) and Q (blue line) 
500-MHz IF signals down-converted from the target (a) and image (b) signals; 
Temporal waveforms of I (red line) and Q (blue line) IF signals after DSP 
compensation for that down-converted from the target (c) and image (d) 
signals. 

For the case of sinusoidal image signal at 34.5 GHz, Fig. 
10(a) and (b) shows the measured electrical waveforms of I and 
Q IF signals at 500 MHz for the target and image signals. 
Obviously, the RF signal at 35.5 GHz is successfully 
down-converted to the IF signal at 500 MHz and photonic 
generation of accurate I and Q IF signals can be observed. 
However, as shown in Fig. 10(a), two I and Q IF signals suffer 
from the amplitude imbalance for different devices used in two 

paths. In addition, due to the environment induced state of 
polarization (SOP) change, 1°~3° phase fluctuations for I and Q 
IF signals are observed by the real-time oscilloscope. These 
imbalances of amplitude and phase will have serious impact on 
the IRR. 

To achieve large IRR, digital post-processing technology is 
used to compensate the amplitude and phase imbalances 
between the I and Q IF signals. Figure. 10(c) and (d) shows the 
temporal waveforms of I and Q IF signals after digital 
processing for imbalances compensation, where we can find 
that amplitudes of two I and Q IF signals at 500 MHz are nearly 
the same. Two I and Q IF signals are out-of-phase for the image 
signal and in-phase for the target signal. Therefore, by adding 
two I and Q IF signals, the IF signal at 500 MHz 
down-converted from image signal can be effectively 
suppressed and that from the target signal remains.  

As seen in Figs.11(a) and (b), after DSP processing, the IF 
signal down-converted from the image signal is suppressed to 
below the noise level, while that down-converted from the 
target signal is maintained, indicating an IRR beyond 60 dB. 
Furthermore, since the advanced digital post processing 
method can accurately compensate the amplitude and phase 
imbalances in two signal paths, we believe the IRR is only 
limited by the processing resolution of ADC and 
signal-to-noise ratio of received IF signal.  
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Fig.11. (a) FFT power spectra of IF signals down-converted from the target 
signal (blue line) and image signal (red line) after DSP processing. (b) 
Temporal waveforms of IF signals down-converted from the target signal (blue 
line) and image signal (red line) after DSP processing. 
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Fig.12. FFT power spectra (a) before and after (c) DSP compensation; temporal 
waveforms (b) before and (d) after DSP compensation. 

For the case of broadband image RF signal at 2.9 GHz, 
carrying 10-Mbit/s on-off keying (OOK) data, Figs. 12(a) and 
(b) demonstrate the FFT power spectrum and temporal 
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waveform of the IF signal at the in-phase path, in which we can 
find that the IF signal at 100 MHz from the image signal will 
cause serious distortion to that from the target signal without 
DSP. While as shown in Figs. 12(c) and (d), after DSP 
compensation, the IF signal from the image signal can be 
effectively suppressed and the IF signal from the target signal 
remains. With the DSP, a 32-dB improvement for the SNR 
performance is observed. 
    In addition to the suppression of image signal, the overall link 
linearity can also be improved by using digital post-processing 
technology, such as the results released in [11]-[14]. 

IV. CONCLUSION 

A photonic approach was proposed to perform microwave 
frequency down-conversion with a high IRR for antenna 
remoting. I and Q IF signals were first generated by using 
cascaded electro-optic modulators and then the digital 
post-processing method was used to compensate for the 
amplitude and phase imbalances between the I and Q IF signals. 
In the proof-of-concept experiments, transmissions of RF 
signals over the fiber links of 2 km and 25 km are implemented. 
The real-time analog and off-line digital processing methods 
were used to process the I and Q IF signals for image rejection, 
when adding two different types of image signals. Concerning a 
sinusoidal image signal, an IRR over 45 dB was achieved using 
the real-time analog method; with the assistance of the off-line 
digital method, an IRR beyond 60 dB was obtained. The 
distortions from a broadband image RF signal carrying 
baseband signal were also effectively suppressed by using one 
of the two processing methods. Due to the wide bandwidth of 
the optical components used in the mixing structure, the 
proposed microwave frequency down-conversion approach can 
operate within a wide RF frequency range from 5 to 40 GHz.  
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