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Abstract - A novel method is presented for optical information transmission in the millimeter 

mobile communications. The well-known methods in which the millimeter wave signal is 

distributed via a fiber have many drawbacks because they need very high speed photonic 

components. These problems are overcome by the new approach which utilizes a low frequency 

reference signal to phase lock a millimeter wave oscillator. The advantage of the new approach is 

in the application of low cost photonic components and in the low sensitivity to the fiber 

dispersion. 

 

I. INTRODUCTION 

The mobile communication systems tend to use the millimeter wave (MMW) frequencies in cellular 

applications [1,2]. The signal distribution system uses single mode fibers between the center station and 

the local base stations for the transmission of the millimeter wave carrier. There are several well-known 

approaches to generate millimeter waves by optical methods for MMW mobile systems. 

In one approach two lasers are used with off-set frequency stabilization. Their frequency difference 

is kept constant utilizing a millimeter wave signal as a reference. For the stabilization one of the lasers 

is tuned by a phase locked loop. 

In another approach a single laser operating in two modes is applied. The frequency difference 

between the two laser modes is kept constant by injection locking techniques utilizing a millimeter 

wave signal. 

In a third approach a single mode laser beam is modulated by the millimeter wave signal. This 

method seems to be simpler than the previous two ones, however, it needs a high frequency external 

modulator what is rather expensive. A further problem arises in the transmission of the optical wave 

carrying a millimeter wave signal. Due to the chromatic dispersion of the fiber transmission minima are 

obtained for longer fiber lengths. 

The chromatic dispersion problem may be overcome by the use of several modulation techniques at 

the transmitter end which effectively mitigate the effect of the fiber chromatic dispersion, such as 

single-side-band modulation [3], minimum transmission bias or maximum transmission bias of the 

Mach-Zehnder (MZ) modulator [4]. However, the single-side-band modulation is more complex while 

at the minimum or maximum transmission bias the modulation linearity is poor. 

Our approach utilizes a low frequency reference signal [5] and the millimeter-wave carrier is 

generated by phase locking technique [6] at the radio base station. This method is not affected by the 

dispersion problem (because the usual distances between the center and the radio base stations are less 

than 10 km), relatively simple and utilizes inexpensive optical devices. 

The new system has many advantages compared to the well-known methods, because it doesn’t 

need: 

- a tuned laser and its off-set frequency stabilization, 

- a two-mode laser and its injection locking stabilization, 

- a high frequency external modulator, 



- expensive high frequency photonic components. 

However, there is a noticeable disadvantage, namely the more complex optical receiver set-up. 

Nevertheless, this problem can easily be solved by the application of the integrated circuit technology. 

Employing the low-frequency reference signal transmission architecture - instead of using a 

conventional local oscillator without reference input [7] - offers several advantages: the millimeter 

wave carrier frequencies of the radio base stations are synchronized, what is important for the efficient 

utilization of the available frequency band; applying a low-noise, stable reference signal the noise 

contribution of the local oscillator is significantly reduced. 

 

II. SYSTEM CONCEPT 

The proposed system is based on the simultaneous transmission of the information and the reference 

signal via an optical intensity modulated channel, both placed in the low microwave frequency range 

(about 1GHz). In this approach instead of transmitting the millimeter-wave signal, one of its 

subharmonic is optically transported and at the reception side the millimeter-wave is generated utilizing 

the subharmonic signal as a reference frequency. A single mode laser is intensity modulated by the 

subharmonic reference signal, the optical signal is transmitted via monomode optical fiber and detected 

by a simple PIN photodiode. Beside the reference signal subcarriers are used for the optical 

transmission of the information channels. A microwave phase-locked oscillator operating in the desired 

millimeter wave band (MMW-PLO) is locked to the subharmonic frequency reference. The generated 

MMW signal is used to up-convert the information channel by a microwave mixer for radiation. The 

schematic block diagram of this system is shown in Fig.1. 

Mixer

E/O O/E

Mixer

O/E
E/O

Mixer

Mixer

MMW

PLL

Information

on IF

Information

on microwave

fref

fref

24 fref

fs

fs

24 fref+fs

fs

Information

on IF

Input

Output

CE	TRE STATIO	 RADIO BASE STATIO	

Reference source

Optical monomode

fiber   λ=1.3µm End

Users

Circulator

 

Fig. 1   Simplified block diagram of the system 

Between the center station and the radio base stations two-way connections are needed. The signals 

of the mobile terminals are received by the radio base stations and transmitted to the center station over 

the fiber. In the present system the same millimeter wave local oscillator signal is used to down-convert 

the received radio signals at the radio base stations for transmitting them over the fiber on a subcarrier 

in the low frequency band. 

The millimeter wave carrier generation at the radio base station is a significant part of the system. 

The block diagram of the MMW PLO is shown in Fig.2. The frequency of the fundamental signal of 

the harmonic VCO (n·fref, n = 8 in our case) is divided down by 8 and compared to the incoming 

optically transmitted subharmonic reference. The output signal of the phase detector called “error 

signal” is proportional to the phase difference between its two input signals. After filtering and 

amplification this error signal is used to control the frequency of the VCO. This way the frequency and 

noise of the VCO is mainly determined by the frequency and noise of the reference signal. One of the 

harmonic frequencies (k·fVCO, k=3 in our case) is coupled out of the oscillator and utilized as a MMW 

local oscillator signal after proper amplification. The millimeter wave harmonic oscillator was designed 

to have high level of harmonics at the output by a new method [8]. 
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Fig. 2   Block diagram of MMW PLO 

III. SYSTEM DEMONSTRATOR 

A system demonstrator was built for verification. The center station was simplified to be able to 

transmit one information channel to the radio base station having 30 MHz bandwidth. As a reference 

fref=1.055 GHz was chosen with 390 MHz IF subcarrier and hence, 1.445 GHz microwave subcarrier. 

The laser diode was a simple Fabry Perot type one operating at 1310 nm. The photodetector is followed 

by a branching filter, which separates the microwave reference signal from the subcarrier. The system 

utilizes the third harmonic of the VCO, which is at 25.32 GHz. 

The reference frequency is chosen to minimize the noise contribution of the laser diode. The RIN 

(relative intensity noise) of the laser is small enough around 1 GHz because the relaxation oscillation 

frequency is high enough, it is around 5 GHz. At 1 GHz reference frequency the optical transmission 

does not add any noticeable contribution to the noise and this way the BER (bit error rate) is also not 

affected. 

In Fig.3 a detailed block diagram of the complete transmitter is given. This subsystem consists of 

several functional elements, each corresponding to a specific task. Some of the circuits have been 

integrated into a common block to reduce the number of building units. 
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Fig. 3   The block diagram of the optical transmitter 

The 1055 MHz PLXO (element 1) is a crystal driven source to provide the system with a coherent 

L-band reference signal. The PLXO applies a programmable PLL to set the desired frequency and is 

operating on a single power supply. 

The L-band unit (elements 2-7 and 18) has many features and includes all the circuitry that had to 

be realized on standard microwave substrate. The unit has two main inputs, one for the coherent 

reference signal coming from the PLXO and the other for the information signal arriving after the first 

upconversion to the 390 MHz second IF. The unit contains the necessary branching filter to provide a 

single output, which can be directly connected to the laser modulator. 



The 390 MHz band-pass filter (BPF) is a traditional L-C filter on common FR-4 substrate, with 

fixed tuning to its pass-band. The main aim of this filter is to block all the spurious intermodulation 

products coming from the mixer output of the IF unit. 

The 70 MHz digitally modulated IF signal is connected to the input of the IF unit. After some 

filtering the 70 MHz information band is upconverted to a second IF at 390 MHz. This procedure 

requires a 320 MHz local oscillator signal. The input band is set by a band pass filter. 

The optical receiver with MMW-PLL subsystem (Fig.4) consists of a direct optical detector 

followed by a branching filter to separate the reference signal from the modulated information signal. A 

PLL circuit generates the MMW signal with phase lock to the incoming reference. An output mixer 

produces the output modulated MMW signal from the L-band information signal and the MMW 

generated signal. 
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Fig. 4   Block diagram of the optical receiver 

 

IV. EXPERIMENTAL RESULTS 

A. Spectrum measurement 

The PLL was measured both in free running and locked condition. During the free-running 

measurements the tuning voltage of the VCO was changed and the power and the frequencies were 

measured after a frequency division by 8, i.e. in the 1GHz frequency range where the phase comparison 

is made (Fig.5). The power of the measured signal versus tuning voltage is constant in the entire tuning 

range. The relative tuning range is about 1.6 % changing the VVCO between 0-12V. 
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Fig. 5   Frequency and power dependence 

The PLL was also measured in the locked condition. The spectrum of the original reference, the 

transmitted reference and the harmonic signal were measured by a spectrum analyzer, the results are 

presented in Fig.6. The reference frequency is chosen to minimize the noise contribution of the laser 

diode. The RIN (relative intensity noise) of the laser is small around 1 GHz because the relaxation 

oscillation frequency is higher. So the optical transmission does not add any noticeable contribution to 

the noise at 1 GHz reference frequency. As seen the shape and the noise of the reference signal 

(Reference) provided by a quartz oscillator is unchanged when it is used by a direct electrical 

connection (Electrical) or through the optical connection (Optical).  



The main task is to ensure the low noise property of the millimeter wave signal. Comparing the 

well-known methods and the present method it is obvious that the electronic system part producing the 

millimeter wave signal provides the same stability and noise performance when it is applied either at 

the optical transmitter side or at the optical receiver side. Therefore it is very relevant to use a quartz 

crystal oscillator with a low noise as the basic reference. Finally, the spectrum of the harmonic signal 

output is presented in Fig.7. 
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Fig. 6   Spectrum of the reference signal Fig. 7   Spectrum of the MMW signal 

 

B. Phase jitter measurements 

The measurement setup has been developed to eliminate the phase jitters originating from the 

generators used for down-converting the millimeter wave signal. An IQ demodulator operating at 885 

MHz was utilized, and the millimeter wave signal was down-converted into this band by a mixer. The I 

and Q signals were displayed on an oscilloscope and the phase jitter distribution was recorded and 

calculated by a computer. 
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Fig. 8   Phase histogram  Fig. 9   Phase constellation of I/Q signal 

Fig.8 shows the phase histogram compared to the Gaussian distribution and Fig.9 shows the phase 

constellation. The distribution has 2.25° standard deviation. As the reference signal has a phase jitter of 

≈0.09° and the multiplication number of the frequency is 24, the noise contribution of the system is 

negligible. Thus the origin of the 2.25 degree average phase jitter is in the noise of the applied 

reference source. With an improved reference source the average phase jitter at the millimeter wave can 

be reduced below 1 degree.  
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Fig. 10   Error probability versus allowable phase deviation 

From the phase jitter data the error probability versus. maximum allowable phase deviation can be 

calculated (see Fig.10) In principle the maximum allowable phase deviation is 90° for 4 QAM, and 

approx. 18° for 16 QAM. 

 

C. Transmission measurements 

The circuit-construction scheme and the transmission characteristic of the direct intensity modulated 

laser transmitter are presented in Fig.11 and Fig.12 respectively. The transmission characteristic has a 

flat response up to 2 GHz. 
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Fig. 11.   The modulated laser source  Fig. 12   Overall transfer characteristics of the 

direct modulated laser 

The amplitude transmission and the group delay variation of the complete system were measured 

between the 70 MHz input and the 70 MHz output of the system (not including the modulator and 

demodulator) by a vector analyzer (see Fig.13). The fluctuation of the transmission and group delay are 

limited to 0.5dB and 3ns in a ±10MHz band, respectively. These results are good enough for our 

applications. 
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Fig. 13   Transmission measurement 

 

D. Bit error rate measurements 

The bit error rate of the complete system was measured in case of different modulations. The system 

performance has been evaluated with changing the signal-to-noise ratio of the radio frequency signal 

(see Fig.14). The curve for MODEM refers to the back-to-back MODEM measurement. The curve of 

ELECTRICAL test gives the data for the case when direct electrical connection was between the center 

station and the radio base station. Finally, the curve of OPTICAL transmission shows a very small 

degradation compared to the ELECTRICAL connection.  
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Fig. 14   Bit error rate as a function of the signal-to-noise ratio 

In these measurements a QPSK signal was transmitted with a 30Mbit/s bit rate. The signal-to-noise 

ratio was measured in a 30 MHz transmission band. The more sophisticated modulation formats are 

more sensitive to the phase jitter. That can be seen in the measured data presented in Table 1. showing 

a small degradation for the 8 PSK and 16 QAM signals compared to the QPSK signal.  

Table 1.   Bit error rate for different modulation formats 

MODULATION BER 

8 PSK ≤10
-7

 

16 QAM ≤10
-6

 

In the above measurements the fiber length was 1 km. However, the measured results were checked 

with longer fibers up to 10 km without any noticeable change in the bit error rate of the specific 

modulation formats. The reason for these results is that the optical carrier-to-noise ratio is mainly 

determined by the laser relative intensity noise. 

 

 

 

 



E. Intermodulation measurements 

The intermodulation distortion is a relevant problem because several carriers are used in a real 

system. The linearity of the laser was tested on two laser types. The levels of the third order mixing 

products were measured as functions of the modulation depth and the number of carriers. Applying 

four carriers with 2 MHz spacing and 12% optical modulation depth, the intermodulation products are 

given by Table 2. 

Table 2.   Third order intermodulation products 

Laser type DFB Fabry-Perot 

With isolator 79 dBc 79 dBc 

Without isolator 71 dBc 71 dBc 

As the table shows there was no difference between the Fabry Perot (FP) and Distributed Feedback 

(DFB) lasers. It is very important to mention that FC/APC connectors and a low reflection photo-

detector were used, so the optical reflection level was below -60dB. 

 

V. CONCLUSION 

A novel method has been presented to generate MMW signals using fiber connections in cellular 

radio systems. It is based on the optical transmission of a low frequency reference signal for phase 

locking a MMW harmonic VCO at the radio base stations. The advantages of this method are the 

relative low cost and small sensitivity for the fiber dispersion. 
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