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Abstract: A novel and compact photonic microwave downconverter is 
proposed and experimentally demonstrated based on an optoelectronic 
oscillator (OEO) using a single dual-drive Mach-Zehnder modulator 
(DMZM). The DMZM is used to simultaneously convert the input RF 
signal into an optical signal, form an OEO for RF carrier extraction, and 
downconvert the optical RF signal to the baseband. In the experiment, a  
2-Gb/s NRZ coded 10.66-GHz RF signal is successfully downconverted to 
the baseband. In addition, a microwave receiver for wireless high-definition 
(HD) video transmission is built and verified based on the proposed 
downconverter. The experiment results confirm that the proposed 
downconverter has simple configuration, good downconversion 
performance and very stable operation. 
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1. Introduction 

Microwave downconverter, which is used to convert a high-frequency RF signal to the 
baseband or the intermediate frequency (IF) band for further processing, is one of the essential 
components applied in a variety of applications, such as wireless communication systems, 
phased-array antennas and electronic warfare systems. Conventionally, a microwave 
downconverter is realized using an electrical mixer, which suffers from the limitations of 
narrow operation bandwidth, low isolation, severe distortion and low conversion efficiency. 
To overcome these shortcomings, photonic microwave downconversion is proposed and has 
been demonstrated to be an effective solution with the advantages such as extremely wide 
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operation bandwidth, high isolation and immunity to electromagnetic interference. A lot of 
photonic microwave downconverters have been proposed [1–6], most of which are realized by 
two cascaded electro-optic modulators, e.g., a polarization modulator (PolM) followed by a 
Mach-Zehnder modulator (MZM) [1], two cascaded MZMs [2], and two cascaded phase 
modulators (PMs) [3]. In these schemes, a local oscillator (LO) and an RF signal to be 
downconverted are applied to the two modulators, respectively, to perform the frequency-
mixing in the optical domain. After photodetection, the microwave signal will be 
downconverted to the desired frequency band. The main advantages of the schemes based on 
the cascaded modulators is the high isolation between the RF and LO ports, and the large 
operation bandwidth provided by the electro-optic modulators. However, the use of multiple 
modulators leads to a large insertion loss and a high cost. On the other hand, a photonic 
microwave downconverter can also be realized based on nonlinear effects, usually in a 
semiconductor optical amplifier (SOA) [4–6]. However, an optical LO is needed to serve as 
the probe or pump signal, and the generation of the optical LO requires an extra modulator. In 
addition, when the nonlinear effects, such as cross-gain modulation (XGM) [4], cross-phase 
modulation (XPM) [5], or four-wave mixing (FWM) [6] are used for signal processing, the 
low power efficiency is always a drawback. Furthermore, the slow gain recovery in an SOA 
will greatly limit the operation bandwidth and degrade the quality of the downconverted 
signal. 
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Fig. 1. Schematic diagram of the proposed photonic microwave downconverter. LD: laser 
diode; PC: polarization controller; DMZM: dual drive Mach-Zehnder modulator; PD: photo-
detector; LNA: low noise amplifier; EBPF: electrical band-pass filter; LPF: low pass filter; 
ESA: electrical spectrum analyzer. 

In this paper, we propose and experimentally demonstrate a compact photonic microwave 
downconverter based on an optoelectronic oscillator (OEO) using a single dual-drive MZM 
(DMZM). In the proposed scheme, the RF signal to be donwnconverted is applied to one RF 
port of the DMZM, and the other RF port is driven by an RF carrier extracted by the OEO. By 
properly setting the bias voltage of the DMZM, the frequency downconversion of the input 
RF signal with a high conversion-efficiency is achieved. Compared with the previously 
reported structures, the proposed photonic microwave downconverter has the following 
advantages. (1) A single modulator is used to simultaneously convert the RF input into an 
optical signal, form an OEO for RF carrier extraction, and perform the photonic microwave 
downconversion. Thus, this structure is compact with a small size and a low cost. (2) The RF 
carrier is extracted from the OEO working at the injection-locked mode, which avoids the use 
of an extra LO. (3) The OEO is a natural phase-locked loop that tracks the phase of the input 
RF signal. As a result, no further synchronization or adaptive phase control is needed between 
the RF and the LO, hence a stable frequency downconversion is easily to achieve. The 
performance of the proposed photonic microwave downconverter is experimentally 
investigated. A 10.66-GHz RF signal carrying a 2-Gb/s data is successfully downconverted to 
the baseband, confirming the feasibility of the proposed downconverter. Furthermore, a 
microwave receiver for the wireless high-definition (HD) video transmission is established 
based on the proposed downconverter, and a real-time display of the HD video is achieved, 
which verifies the stable operation of the proposed downconverter. 
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2. Principle 

Figure 1 shows the schematic diagram of the proposed photonic microwave downconverter. A 
continuous wave (CW) light with an angular frequency of ωc from a laser diode (LD) is sent 
to a DMZM, which has two RF ports and a DC bias. The RF signal collected by an antenna is 
applied to one of the RF ports of the DMZM. The output optical signal from the DMZM is 
split into two branches through an optical coupler. The lower branch is used to form an OEO 
loop which consists of the DMZM, a photodetector (PD1), a high-Q electrical band-pass filter 
(EBPF), a low noise amplifier (LNA) and an electrical phase shifter. By setting the central 
frequency of the EBPF to be close to the RF carrier frequency of the input RF signal, the OEO 
loop will be injection locked [7], and an RF carrier having the same frequency with the input 
RF signal is generated. This RF carrier is feedback to the other RF port of the DMZM. Thus, 
the frequency-mixing between the input RF signal and the extracted RF carrier from the OEO 
is performed in the optical domain at the DMZM. After that, the upper branch from the output 
of the DMZM is sent to another PD (PD2) followed by an electrical low pass filter (LPF). 
Mathematically, if there is a frequency component ωRF in the input RF signal, and assume that 
the oscillation signal in the OEO is denoted as cos(ωLOt), the normalized optical field at the 
output of the DMZM can be written as 

 ( ) ( ) ( ) ( )1 c 1 RF 0 2 LOexp exp cos exp exp cosE j t j t j j tω β ω φ β ω= ⋅ +    (1) 

where β1 = πVRF/Vπ is the modulation index for the ωRF component and β2 = πVLO/Vπ is the 
modulation index in the lower arm of the DMZM, VRF and VLO are the amplitudes of the ωRF 
component and the OEO oscillation signal, respectively, Vπ is the half-wave voltage of the 
DMZM, and φ0 is the phase difference between the two arms introduced by the DC bias. For 
small-signal modulation, Eq. (1) can be expanded to be 

 
( )( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( )
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c 1 2 LO 0 2 1 2 LO

exp exp exp
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E j t jJ j t J jJ j t

j t jJ j t J jJ j t

ω φ β ω β β ω

ω β ω β β ω

= + − + +  
+ − + +  

 (2) 

where Jn is the nth-order Bessel function of the first kind. When the signal in Eq. (2) is sent to 
PD2 for square-law detection, the AC term of the detected signal is given by 

 
( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( )( ) ( ) ( ) ( )( )
AC 1 1 0 2 0 RF 1 2 0 1 0 LO

1 1 1 2 0 RF LO 1 1 1 2 0 RF LO
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cos cos cos cos +...

i J J t J J t

J J t J J t

β β φ ω β β φ ω

β β φ ω ω β β φ ω ω

∝ − +

+ − + +
(3) 

As can be seen from Eq. (3), frequency components at ωRF-ωLO, ωLO, ωRF, and ωRF + ωLO are 
obtained. If ωRF is the RF carrier of the input RF signal and ωLO is the frequency of the free-
running OEO, since the OEO is set to extract this RF carrier, ωLO is very close to ωRF, and 
ωRF is also integer times of the free-spectral range of the OEO loop. In addition, the RF carrier 
always has a relatively large RF power, so β1 is comparable or even greater than β2. Both of 
the ωRF and ωLO components in Eq. (3) can pass through the high-Q EBPF, which are then 
amplified in the LNA. In the LNA, the strong ωRF component would consume the free carriers 
and lower the gain for the ωLO component. In the following cycles, the ωRF component 
becomes stronger and stronger because of the continuous energy injection from the RF input, 
while the gain for the ωLO component is smaller and smaller. Finally, a new oscillation at ωRF 
is established and the free-running oscillation at ωLO is ceased due to the insufficient gain. 
The RF carrier is thus extracted. On the other hand, if ωRF is not the RF carrier and ωLO is the 
extracted RF carrier, the ωRF component will be blocked by the high-Q EBPF or its power is 
very small, which cannot interrupt the oscillation of the OEO. In the output branch of the 
downconverter, the frequency-downconverted component ωRF-ωLO in Eq. (3) is selected by 
the LPF. Also known from Eq. (3), the amplitude of the downconverted signal is dependent 
on φ0. If the DC bias applied to the DMZM is tuned to let φ0 exactly be 0 or π, the converted 
signal should have the maximized magnitude, but the oscillation of the OEO cannot be 
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maintained since no fundamental frequency component exists in the OEO loop. As a result, in 
the experiment the DC bias is set to let φ0 as close to 0 or π as possible to simultaneously 
maintain the oscillation of the OEO and achieve high conversion efficiency. 

3. Experimental demonstration 

An experiment based on the configuration shown in Fig. 1 is carried out. A CW lightwave at 
1552.5 nm from a LD (Agilent N7714A) is sent to a 40-GHz DMZM (Fujitsu FTM7937EZ) 
via a polarization controller (PC). The half-wave voltage of the DMZM is 1.8 V. In the 
experiment, the RF signal to be downconverted is obtained by electrically mixing a 2-Gb/s 
baseband pseudo random binary sequence (PRBS) with a 10.66-GHz sinusoidal signal from a 
vector signal generator (Agilent E8267D). The obtained RF signal is applied to one RF port of 
the DMZM. The lower branch from the output of the DMZM is used to form the OEO loop, 
where a 10-GHz PD (PD1), a 10.66-GHz EBPF with a 3-dB bandwidth of 9.7 MHz, and an 
LNA with a gain of 40-dB are incorporated. The upper branch from the output of the DMZM 
is sent to a second PD (PD2, 50 GHz bandwidth with a responsivity of 0.7 A/W) followed by 
a 2.268-GHz LPF. The temporal waveforms and the electrical spectra are observed by a  
40-GHz oscilloscope (OSC, Agilent 86100A) and a 43-GHz electrical signal analyzer (ESA, 
Agilent E4447A), respectively. 
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Fig. 2. The spectra of the (a) free-running signal (dashed line) and the extracted RF carrier 
signal when the OEO is injection locked (solid line). Center frequency: 10.66 GHz; span: 200 
kHz. (b) Phase noise spectra of the injection locked signal (solid line) and the free-running 
signal (dashed line). 

Figure 2(a) shows the electrical spectra of the RF carrier when the OEO is operated at the 
free-running mode (dashed line) and the injection-locked mode (solid line). As can be seen 
from Fig. 2(a), the injection-locked RF carrier has much narrower spectral linewidth, which 
means a phase stable RF carrier is obtained. The side-mode suppression ratio of the extracted 
RF carrier is more than 40 dB. The phase noise spectra of the free-running signal and the 
injection-locked signal are shown in Fig. 2(b). By setting the bias voltage of the DMZM to let 
φ0 be close to π, photonic microwave downconversion with relatively high conversion 
efficiency is obtained after the LPF. The electrical spectrum and eye diagram of the 
downconverted signal is shown in Fig. 3(a). As can be seen, the high frequency components 
above 2.5 GHz are removed due to the small bandwidth of the LPF. Nevertheless, the main 
lobe of the baseband signal is well obtained after the frequency downconversion. Besides, the 
eye diagram of the downconverted baseband signal is widely opened, indicating that the input 
RF signal is successfully downconverted to the baseband. The bit error rate (BER) 
performance of the downconverted PRBS signal is also shown in Fig. 3(b). Error-free 
operation is achieved. 
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Fig. 3. (a) The spectrum of the downconverted signal, (b) the BER performance of the 
downconverted PRBS signal. Inset in (a): the eye diagram of the downconverted signal. 
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Fig. 4. The electrical spectra of the (a) original and (b) downconverted wireless HD video 
signal. 
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Fig. 5. The photograph of the experimental system. 

To further investigate the performance of the proposed downconverter, a microwave 
receiver for wireless HD video transmission is established based on the proposed microwave 
photonic downconverter. At the transmitter, a 1.5-Gb/s 720P HD video signal is electrically 
upconverted to be an RF signal centered at 10.66 GHz. The RF signal is then downconverted 
at the receiver using the proposed downconverter. Real-time display of the HD video is 
realized. Figures 4(a) and 4(b) show the electrical spectra of the original baseband video 
signal at the transmitter, and the spectrum of the downconverted video signal at the receiver, 
respectively. The two spectra have very close spectral shape, indicating that the proposed 
photonic microwave downconverter brings negligible distortion to the signal. 

According to [8], if the frequency difference between the free-running signal and the 
injected signal is within the locking range, the phase variation of the RF carrier in the input 
RF signal can be tracked by the OEO. In the proposed system, the measured locking range is 
~1MHz,so the OEO could be able to track the phase of the received RF signal. A very stable 
operation of the system can thus be achieved. Figure 5 shows the photograph of the 
experimental system. As can be seen, good synchronization is achieved between the video 
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displayers in the transmitter and in the receiver. The full HD video display is found to be very 
smooth without any interruption during a one-hour observation in the laboratory environment. 

As we mentioned before, the conversion efficiency of the proposed system is dependent 
on the DC bias applied to the DMZM. Figure 6 shows the measured conversion efficiencies 
and the electrical spectra under different DC biases. As can be seen from Fig. 6(a), the 
conversion efficiency curve as a function of the DC bias has a cosine-like profile, which 
agrees well with the theoretical prediction in Eq. (3). When the DC bias is around 3 or 7.5 V, 
the conversion efficiency is −85 dB, because the OEO stops to oscillate around the maximum 
transmission point of the DMZM. The corresponding spectrum is shown as the dotted line in 
Fig. 6(b). No downconverted signal is observed. However, when the DC bias is 3.5 V, the 
highest conversion efficiency of about −30 dB is obtained, so that the downconverted signal 
has the maximal amplitude, as shown as the dashed line in Fig. 6(b). It should be noted that 
the conversion efficiency can be further improved by employing optical amplification, since 
in the experiment the signal power launched into the PD is only −2 dBm. 

In addition, due to the fixed bandwidth of the EBPF in the experiment, the frequency of 
the LO is fixed at 10.66 GHz. However, if a tunable electrical EBPF, of which the bandwidth 
can be tuned according to the frequency of the input RF signal, is used in the OEO loop, a 
frequency tunable microwave downconverter can be realized based on the proposed scheme. 

 

Fig. 6. (a) The conversion efficiency as a function of the DC bias, and (b) the typical electrical 
spectrum of the downconverted signal when the DC bias is 5 V(dashed line), 3.5 V (dotted 
line) or 7.5 V (solid line). The center frequency is 2.0 GHz. 

4. Conclusion 

In conclusion, we have proposed and demonstrated a compact photonic microwave 
downconverter based on an OEO by using a single DMZM. The key device in the proposed 
scheme is the DMZM, which can simultaneously convert an RF signal into an optical signal, 
form an OEO for RF carrier extraction, and downconvert the optical RF signal to the 
baseband. A 10.66-GHz RF signal carrying a 2-Gb/s PRBS baseband signal is experimentally 
downconverted to the baseband, and a HD video receiver is built based on the proposed 
photonic microwave downconverter. The proposed scheme features simple structure and 
stable operation, which can find applications in wireless communication systems, phased-
array antennas and electronic warfare systems. 
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