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Abstract— Photonic microwave harmonic downconverters (PMHDCs) based on self-oscillation optical frequency combs (OFCs) are 

interesting because of their broad bandwidth compared with plain optoelectronic oscillators. In this paper, a high-efficiency and 

flexible PHMDC is proposed and demonstrated. The properties of the OFC, such as the carrier-to-noise ratio (CNR), bandwidth, free 

spectral range (FSR) and the influence of optical injection are investigated. The broadband OFC provides a frequency tunable and 

high-quality local oscillation (LO), which guarantees flexible down conversion for the RF signal. The sideband selective amplification 

(SSA) effect not only improves the conversion efficiency, but also promotes single-sideband modulation. The conversion range can 

reach 100 GHz. The 12-40 GHz RF signal can be downconverted to IF signals with a high conversion efficiency of 14.9 dB. The fixed 

40-GHz RF signal is flexibly down converted to IF signal with the frequency from 55.4 MHz to 2129.4 MHz. The phase noise of IF 

signal at a frequency offset of 10-kHz is the same as that of the input RF signal. The PMHDC shows great performance and will find 

applications in RoF, electronic warfare receivers, avionics, and wireless communication systems.
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1. INTRODUCTION

The microwave downconverter provides an effective way to 

meet the urgent demand for processing and receiving ultrahigh 

frequency signals with the development of 5G, millimeter 

wave communication, modern electronic warfare receivers, 

the internet of things and other emerging technologies [1-3]. 

Electrical mixers are employed in conventional microwave 

systems to realize frequency down conversion, which suffers 

from small bandwidth, poor isolation, weak 

anti-electromagnetic interference, and high nonlinear effect. 

To solve these problems, the photonic microwave 

downconverters (PMDCs) have been proposed [4-14], which 

has infinite isolation between the microwave input and the 

local oscillator. In the optical domain, the PMDC is realized 

through three key steps: 1) The radiofrequency (RF) is 

converted to an optical signal. 2) The optical signal for local 

oscillation (LO) is generated. 3) The intermediate frequency 

(IF) is generated by beating the LO and RF optical microwave 

signals by a low-speed photodetector (PD). Usually, to avoid 

the narrow bandwidth of direct modulation, the LO is 

modulated to the optical carrier by using a dual-parallel 

Mach-Zehnder modulator [4] and cascaded or parallel 

electro-optic modulators [5-7]. At the same time, researchers 

are committed to improving the conversion efficiency [8-10], 

e.g., the conversion efficiency can reach 11.3 dB based on the 

stimulated Brillouin scattering loss spectrum to suppress the 

optical carrier [8].

Recently, the optoelectronic characteristics of 

semiconductor lasers have received extensive attention for 

photonics microwave mixing. The optical injection (OI) 

technique is applied in PMDCs to improve the direct 

modulation bandwidth, with sideband injection locking [11] or 

harmonic injection locking [12] based on the period-one 

oscillation. To further improve the operation bandwidth, a 

photonic microwave harmonic downconverter (PMHDC) has 

been proposed based on the optical frequency comb (OFC), 

which provides high-frequency harmonics [13,14]. In [13], the 

75-110 GHz RF signal is down converted. Except for that 

based on cascaded modulators and semiconductor optical 

amplifiers, the OFC can be generated by the gain-switching 

effect, with the advantages of easy implementation, robustness, 

and stability [15,16]. The LO is essential in the above systems, 

its quality will affect the phase noise of IF signal. Due to the 

structure of optoelectronic oscillation (OEO), the microwave 

signal with ultralow phase noise and high frequency is 

obtained, which avoids the use of LO signal [17-19]. To 

obtain a broader bandwidth, self-oscillation OFCs have been 

proposed [20-22], which are expected to be applied in 

PMHDCs. However, external modulators are still employed to 

generate OFCs, which increases the cost.

In this paper, a high-efficiency and flexible PMHDC based 

on a self-oscillation OFC is proposed and experimentally 

demonstrated. The high efficiency benefits from the sideband 

selective amplification (SSA) effect based on OI, which forms 

single sideband modulation by amplifying one sideband. The 

flexibility of down conversion benefits from the 

self-oscillation OFC with tunable free spectral range (FSR), 

which provides high-quality and tunable LO, avoiding 

external LO and modulators. In addition, the PMHDC has a 



broad operation bandwidth up to 100 GHz owing to OI. The 

LO is obtained by a self-oscillation OFC based on the 

optoelectronic oscillation at the relaxation oscillation (RO) 

frequency. The ��10, which is defined as the 10-dB spectra 

width, reaches 101.34 GHz, representing an improvement of 

approximately 50 GHz compared with that without OI. The 

influence of the injection strength as well as the detuning 

frequency between the master and slave laser on the OFC are 

investigated. With harmonic down conversion, the 12-40 GHz 

RF signals are converted to IF signals below 3 GHz when the 

FSR is 5.6895 GHz. The conversion efficiency reaches as high 

as 14.9 dB. By changing the FSR, the same 40-GHz RF signal 

can be converted to IF signals with frequencies ranging from 

55.4 to 2129.4 MHz. The phase noise of the IF signal only 

deteriorates at high frequency offset compared with the RF 

signal owing to the high performance of the self-oscillation 

OFC. Other parameters, such as spurious free dynamic range 

(SFDR) and performance for down conversion of 

high-frequency vector signals, are investigated, indicating that 

the system is competent for down conversion applications.

2. PRINCIPLE AND EXPERIMENTAL SETUP

Figure 1 illustrates the experimental diagram of proposed 

photonic microwave harmonic downconverter. The optical 

carrier fML of master laser (ML) is equally split into two 

branches (A and B). In the upper branch, the ML wave is 

injected into the distributed feedback (DFB) laser, which is 

marked as SL1. Then, 50% of the optical signal is sent to 

opto-electronic oscillation loop, as introduced in previous 

work [23]. In the other branch, the RF signal with a frequency 

of fRF is modulated to ML wave through the phase modulator 

(PM, EOSPACE: PM-DV5-40-PFU-PFU-LV) with a 

bandwidth of 40 GHz. Then, the optical signal with double 

sidebands is injected into the DFB laser marked as SL2. 

Finally, the optical signal coupled from the two branches is 

sent to the wavelength selective switcher (WSS, Finisar: 

10WSAA09FLL). After amplified by the erbium-doped fiber 

amplifier (EDFA, EDFA-BA15-APC), the signal is converted 

to an electrical signal by PD (TELEDYNE LECROY 

OE6250G-M) with a maximum input power of 9 dBm. The 

polarization controllers (PCs) are used to adjust the 

polarization of the ML to align it with that of the SL1/2 to 

maximize the injection efficiency. The optical attenuators 

(ATTs) are used to adjust the optical power. 

The realization of a high-efficiency and flexible PMHDC is 

shown in Fig. 1(b). In the OFCG part, an OFC with a tunable 

FSR and high carrier-to-noise (CNR) can be obtained based on 

the OEO [23]. Then, turn on the ML and adjust the 

wavelength fML close to one comb of the OFC. The whole 

OFC will be locked to the ML mode after OI. The ML mode is 

consequently coherent with all the combs of the OFC. In the 

part of SSA, the single sideband (SSB) signal is obtained. At 

the output of the PM, the double sideband signal with 

low-power sidebands is generated. After OI, the free-running 

SL2 mode fSL2 will red-shift to f’SL2 with a surrounding gain 

spectrum [24]. If the -1st sideband falls into the gain spectrum, 

it will be amplified. The SSB signal with a high-power 

sideband is obtained. At the same time, the amplified -1st 

sideband is coherent with the ML mode. Consequently, it is 

coherent with the combs of the OFC. The -1st sideband as well 

as one comb fML-nfRO, which is nth FSR apart from the ML 

mode, are filtered out by the WSS. Thus, the down-converted 

IF signal at fIF=|fRF-nfRO| can be generated. The 

high-efficiency downconverter benefits from the SSA effect. 

Without the SSA effect, the power of the -1st sideband is low. 

So, the high carrier-to-sideband ratio results in the low power 

for the beating frequency. The highest power for the 

down-converted signal can be obtained when 

carrier-to-sideband ratio is 0 dB with the SSA effect.
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Fig. 1. (a) Schematic diagram of the proposed photonic microwave harmonic 

downconverter. (OFCG: optical frequency comb generator, SSA: sideband 

selective amplification, ML: master laser, PC: polarization controller, OC: 

optical circulator, SL1/2: slave laser 1/2, ATT: optical attenuator, PD: 

photodetector, PM: optical phase modulator, WSS: wavelength selective 

switcher, EDFA: erbium-doped fiber amplifier, OSA: optical spectrum 

analyzer, ESA: electrical spectrum analyzer). (b) Illustration of the 

high-efficiency PMHDC based on self-oscillation OFC and SSA effect.

3. RESULTS AND DISCUSSION

This section is divided into three aspects: �) Harmonic 

injection locked OFC with OI. �) SSA effect under optical 

injection locking. �) High-efficiency PMHDC based on the 

self-oscillation OFC and SSA effect. For the OFC, 

characteristics such as the ��10 and CNR are measured, and the 

influence of OI is also investigated to obtain the optimized 

OFC. For the PMHDC, parameters such as conversion 

efficiency, frequency tunability, SFDR and quality of the IF 

signal are measured.

A. Improvement of the OFC characteristics with OI

The OFC can be obtained based on directly modulated OEO 

[23]. However, the CNR will be degraded if the feedback 

power is high as the blue line in Fig.2(a). OI will improve the 

performance of the OFC based on the gain-switching effect 

[16]. Keep the SL1 parameters unchanged. After setting the 

ML mode at 1548.23 nm and the output power at 3.5 dBm, the 

beating frequency between ML and SL1 is 37.71 GHz when 

the loop is open. Keeping the feedback optical power 

unchanged at 3 dBm, the noisy OFC will re-evolve into a 

high-quality OFC, as shown by the red curve in Fig. 2(a). The 

CNR is 35 dB, and there are 14 combs within a 10 dB power 





electrical signal will be slightly reduced. Increasing the ML 

power to achieve completely harmonic locking will solve the 

problem. The high harmonic injection locking technique 

provides an effective method to broaden the OFC bandwidth. 

On the other hand, it will permit higher frequency signals to 

be down-converted, as described in the next section. There is 

no need to use high-frequency modulators, electrical 

amplifiers, and PDs to realize this function.

B. Sideband selective amplification (SSA) effect of optical 

injection locking

In the lower branch, the RF signal is modulated to the ML 

wave by the phase modulator. Benefitting from the SSA 

effect, the SSB modulation is realized to avoid the influence of 

double sideband modulation. After injected into SL2, the -1st 

sideband is amplified based on optical injection locking. In the 

experiment, the wavelength of free-running SL2 is 1548.18 

nm, as shown by the black curve in Fig. 7. After OI, SL2 will 

redshift, and a gain spectrum is observed (red curve) [24,25]. 

The frequency spacing between the ML and the gain spectrum 

is set to approximately 40 GHz. The 40-GHz RF signal with a 

power of -25 dBm is modulated to ML. Based on the SSA 

effect, the -1st sideband falls into the gain spectrum and is 

amplified by 26.62 dB compared with the +1st sideband, which 

will improve the power of the output IF signal. Thus, a 

high-efficiency PMHDC can be obtained. The frequency 

spacing can be tuned by adjusting the injection ratio and 

detuning frequency between ML and SL2. Fig.7(b) shows the 

optical spectrum of injection locking state when the frequency 

spacing is 100/190 GHz, which satisfies the bandwidth of the 

OFC and high-frequency microwave signal is permitted to be 

down-converted.
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Fig. 7. (a) The output optical spectra for SL2: free-running SL2 with no OI 

(black), injection locking state with a gain spectrum (red); when the RF signal 

is modulated to the ML (blue). (b) Optical spectra with different frequency 

spacings of 100 GHz and 190 GHz.

C. Demonstration of PMHDC with High Efficiency and 

Flexibility

The high-efficiency and flexible photonic microwave 

harmonic downconverter with broad bandwidth is realized 

based on the optically injected self-oscillation OFC and SSA 

effect. The ML wavelength is set at 1548.28 nm. In the OFCG 

branch, the FSR of the OFC is set at 5.6895 GHz, and the 

corresponding 7 times of FSR is 39.826 GHz. In the SSA 

branch, a 38-GHz RF signal with a power of -25 dBm is 

modulated to the PM. The frequency spacing between the ML 

and the gain spectrum is approximately 38 GHz. The 

combined output optical signal is shown in Fig. 8(a). With the 

SSA effect, the -1st sideband is amplified 23.04 dB compared 

with the +1st sideband. The 7th harmonic comb and the 

amplified -1st sideband are filtered out by the WSS and 

amplified by the EDFA. The output optical power is 8.65 dBm 

before PD, and the corresponding IF signal power is -10.81 

dBm with the frequency of 1.8269 GHz, which is 14.19 dB 

higher than that of the RF source, as shown in Fig. 8(b). On 

the other hand, the power of the IF signal is only -49.1 dBm 

when the SL2 current is just below the threshold for light 

emission. This means that the SSA effect provides a gain of 

38.29 dB for the IF signal. Overall, the conversion efficiency 

of the system reaches 14.19 dB.
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Fig. 8. (a) The optical spectra for the combined output. (b) The electrical 

spectra for the downconverted signal with/without the SSA effect.
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Fig. 9. (a) Phase noise of the input RF signal and output IF signal. (b) The 

corresponding phase jitter of the signals.

Next, the phase noise performance of the IF signal is 

analyzed. The SSB phase noise spectra for the input RF signal 

and output IF signal are measured, as shown in Fig. 9(a). 

Compared with the 38-GHz input RF signal, the IF signal 

shows a similar phase noise performance at the frequency 

offset below 100 kHz. Several peaks are observed above 100 

kHz, which are attributed to the sidemodes of the 

self-oscillation signal, shown in Fig. 2(c). Fig. 9(b) illustrates 

the phase jitter integrated from 100 Hz to 1 MHz. Generally, 

the phase noise of the output IF signal is determined by the 

SSA effect and the self-oscillation signal of the OFC, which 

shows great phase noise performance owing to the 

optoelectronic oscillation.

Then, the ability to convert RF signals with different 

frequencies is investigated. The frequency of the RF signal is 

changed from 40 GHz to 11 GHz, and the parameters for SL2, 

such as power and wavelength, are adjusted to tune the gain 

spectrum accordingly. The optical spectra are shown in Fig. 

10(a). The IF signal will be generated by beating the -1st 

sideband and the comb that is closest to the -1st sideband. 

Therefore, the frequency of the IF signal is limited below half 

of FSR. The corresponding IF signal is measured and shown 

in Fig. 10(b). The information bar on the right shows the 

corresponding relationship between RF and IF. The 

conversion efficiency of the RF signal with different 

frequencies is measured and plotted in Fig. 10(c). The 

maximum conversion efficiency can reach 14.9 dB. It rolls 

down to 9.05 dB when the RF frequency is 11 GHz. Because 

the ML power is decreased to -6.4 dBm to obtain the injection 



locking state, the power of the -1st sideband will be decreased 

accordingly. On the other hand, due to the expansion of the 

OFC bandwidth with high-order harmonic injection, as shown 

in Fig. 6(f), RF signals with higher frequencies up to 100 GHz 

can be effectively downconverted to the IF signal based on the 

system, which greatly reduces the requirements for receivers.
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Fig. 10. (a) The optical spectra when the frequency of the input RF signal is varied from 11 GHz to 40 GHz. (b) The electrical spectra for the corresponding IF 

signals. (c) The conversion efficiency of the system for RF signals with different frequencies.

Moreover, the tunability of converting the fixed RF signal 

to different IF signals is important, which can be realized 

based on the OFC with a flexible FSR. By adjusting 

parameters such as the bias current and wavelength of 

ML/SL1, the FSR can be tuned from 4.7897 to 6.9725 GHz. 

Thus, the 40-GHz RF signal can be down-converted to an IF 

signal with a frequency from 55.4 to 2129.4 MHz, as shown in 

Fig. 11. The results indicate that the system shows not only a 

high conversion efficiency but also flexibility of frequency 

conversion, which can meet the requirements for different 

scenarios.

0 0.5 1 1.5 2
-70

-60

-50

-40

-30

-20

-10 5.7062 GHz
5.0310 GHz
5.6434 GHz
6.7827 GHz
6.8123 GHz
6.4931 GHz
6.4631 GHz
6.4256 GHz
4.7897 GHz
6.9725 GHz
5.2512 GHz
5.2662 GHz

FSR

Frequency (GHz)

P
o

w
er

 (
d

B
m

)
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obtained when adjusting the FSR.

The SFDR is another important parameter for the frequency 

down-conversion system, which is experimentally investigated 

by conducting a two-tone measurement. fRF1=20 GHz and 

fRF2=19.99 GHz (generated from Agilent N5183A: 100 

kHz-20 GHz) with an output power of -36 dBm are injected 

into the system. The frequency of local oscillation fLO = 

4×FSR = 22.758 GHz. The frequencies of the corresponding 

IF signals are fIF1=2758 MHz and fIF2=2768 MHz. The 

electrical spectra for the IF signals are shown Fig. 12(a). In 

addition to the fundamental signals, third-order 

intermodulation distortion (IMD3) signals appear at 2fIF1 – fIF2 

= 2748 MHz and 2fIF2 – fIF1= 2778 MHz. The RBW for ESA is 

set at 1 kHz, and the noise floor is -79 dBm. Therefore, the 

noise floor is -79-10×log(1k) =-109 dBm when RBW=1 Hz. 

The input power of RF1 and RF2 is adjusted to measure the 

output power of the downconverted fundamental and IMD3 

signals. The results are plotted in Fig. 12(b). The SFDR of the 

system is 84.7 dB·Hz2/3. The laser used in the experiment has 

a linewidth of several MHz. If a narrower linewidth laser 

source is employed, the SFDR and the conversion efficiency 

can be improved.
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Finally, the performance for down-conversion of the 

high-frequency vector signal is investigated. The 

high-frequency vector signal (30 GHz with 32 QAM signal) is 

generated by mixing a low-frequency vector signal (generated 

by R&S SMBV100A, 5 GHz with 32 QAM signal) with a 

microwave signal (25 GHz). Figures 13(a)-(c) show the 

constellation of the IF signal for 32QAM signal with data rates 

of 20/40/60 Msymbols/s, respectively. The constellation of the 

signal is clear. The error vector magnitudes (EVMs), as one of 

the key indicators to characterize the quality of the system for 

receiving modulated signals, are measured. The EVM 

increases as the rate increases because the quality of the 

high-frequency vector source gradually deteriorates. The 

relative EVM, which indicates the influence of the system on 



the source, is calculated and plotted in Fig. 13(d) when the rate 

and carrier frequency of 32QAM signal are different. The 

relative EVMs are all lower than 6%, which indicates that the 

system has little influence on the vector signal. Moreover, the 

variation in the EVM and signal-to-noise ratio (SNR) with the 

received optical power are measured and plotted in Fig. 13(e). 

With increasing optical power from -9 dBm, the EVM 

decreases from 9.56% and the SNR increases from 20.72 dB. 

The EVMs for all these converted signals are less than 10%, 

which satisfies the technical requirement of the satellite 

communication system.

4. CONCLUSION

A PMHDC is experimentally realized based on a 

self-oscillation OFC and the SSA effect. Owing to optical 

injection, the OFC has a broad bandwidth and flexible FSR, 

which provides a high-frequency, high-quality and tunable LO 

for downconversion. The external LO and optical modulators 

are avoided. Owing to the SSA effect, a high-efficiency IF is 

obtained by beating the amplified -1st sideband and optical 

LO. The parameters for the OFC, such as CNR, FSR, and ��10, 

are measured, and the influence of optical injection such as the 

injection ratio and detuning frequency on the OFC is also 

investigated. The SSA effect can provide gain for the RF 

signal with the frequency varying from 10 GHz to 190 GHz. 

RF signals with frequencies of 12-40 GHz are converted to IF 

signals below 3 GHz with a conversion efficiency above 14 

dB. By tuning the FSR, the 40-GHz RF is converted to IF 

signals with frequency from 55.4 to 2129.4 MHz. The SFDR 

and great performance of the PMHDC system for converting 

high-frequency vector signals indicate that it has potential for 

broad applications in satellite communication systems, RoF, 

electronic warfare receivers, avionics, and wireless 

communication systems. 
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