
receiver is decision-aided, 'runaways' are prevented by sending 
ten known symbols after every loo0 symbols. The BEP results 
are shown in Fig. 3 for BPSK and QPSK. With a constant 
carrier phase, the simulated performance is indistinguishable 
from that of the coherent receiver, which is f erfc [Eh/N,]i'Z 
for both BPSK and QPSK. ( E h  is the energy per bit. Thus, 
.Eb = E, for BPSK and Eb = E J 2  for QPSK.) For a time- 
varying phase, the performance loss compared to coherent 
performance is higher for QPSK than for BPSK. Performance 
loss due to errors in the decisions fed back to the reference $ k )  
in eqn. 5 and the adaptation algorithm (eqn. 8) is only notice- 
able for low SNR. For comparable values of U in eqn. 9 and 
At7 in eqn. 10, the linearly-increasing phase model leads to a 
greater degradation of performance compared to the random- 
walk model. The choice of only affects the BEP performance 
at low SNR, but not at high SNR. Extensive simulations indi- 
cate that p = 1 is nearly optimum at high SNR for a wide 
range of values of U* and At?. No hang-ups during the initial 
acquisition period or cycle slips during steady state operation 
were observed in the simulations. 
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- - - -  

Besides its simplicity and excellent performance, our recei- 
ver is robust with respect to the carrier phase process. By 
comparison, an extended Kalman filter estimator of carrier 
phase, as proposed in Reference 2, only applies to a Gauss- 
Markov phase model such as eqn. 9, and the setting of the 
Kalman gain requires knowledge of the model parameters 
such as U'. The latter estimator cannot be applied to the 
linearly-increasing phase model (eqn. 10). 
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TUNABLE MEMBERSHIP FUNCTION 
CIRCUIT FOR FUZZY CONTROL SYSTEMS 
USING CMOS TECHNOLOGY 

J.-J. Chen, C.-C. Chen a n d  H.-W. T s a o  

indexing rerms. Control rheorj. Fuzzy  logic 

The membership function circuit (MFC) is used in the input 
parts of analogue fuzzy hardware systems. The fuzzy hard- 
ware can execute singleton fuzzy control algorithms. In the 
letter a voltage-input current-output membership function 
circuit is proposed. The characteristic of this building block 
is tunable and is useful for current-mode analogue fuzzy 
hardware. The proposed circuit was designed by using 
3.5pm CMOS design rules. and its operations have been 
confirmed using PSPICE simulations. 

Introduct ion.  Recently. fuzzy theory has been applied effec- 
tively to automatic control and expert systems. A feature of 
fuzzy theory is that uncertain linguistic information can be 
handled quantitatively by using membership functions. In 
addition to theoretical studies, the hardware implementations 
of fuzzy information systems have been studied to realise 
high-speed operations and reduce system size. The current- 
mode circuits can satisfy this requirement, and they are not 
sensitive to changes of supply voltages. However, they have a 
weakness that the fan-out number is restricted to only one. 
This weakness gives rise to considerable problems in input 
parts of fuzzy hardware systems since the inputs must be dis- 
tributed to many operational blocks. So in this letter a 
voltage-input current-mode membership function circuit is 
proposed and the simulation of this circuit is given. 

Circui t  descript ion:  A membership function is one of the most 
important circuits for a fuzzy control system. In this letter the 
MFC is designed to have voltage input and current output. 
The voltage input can be easily distributed to many rule 
blocks which have the MFC in the input parts. To introduce 
the proposed circuit, first we discuss the floating voltage- 
controlled resistors shown in Fig. I .  The equivalent resistance 
R , ,  between nodes Vi and V, can be derived as [l] 

where V , p  is the threshold voltage of the PMOS transistor 
and ( W  L),, is its aspect ratio. These integrable resistors are 
used to construct source resistors of a CMOS operational 
transconductance amplifier (OTA), and these resistors can 
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change the transconductance G ,  of an OTA with variable 
R I * .  The saturation current of this OTA is a constant when 
the bias current is not changed. This characteristic is useful for 
an MFC. The proposed MFC is built with these OTAs and is 
illustrated in Fig. 2. The transfer curve of this MFC is related 

I I I I  1 
~~ 

3 5 3  : 
~ 

Fig. 2 Proposed membership function circuit 

to the parameters shown in Fig. 3. The reference voltage V, 
depends on V, and can be derived as 123 

v, = v, - v, ( 2 )  

When the input voltage yn approaches V ;  and V,, the output 
current I, can he obtained as follows: 

when yn approaches V, (4) 

where 

We can change the slope G ,  of the transfer curve through R , ,  
by varying V,. The voltages V, and V, determine the width 
and horizontal position of the transfer curve, respectively. The 
height of the curve is controlled by the bias current I s S .  For 
suitable V, and V,, the maximum output current will take 
place and approach I,, when input voltage yn is equal to 
O.5(VR - V,). If yn is greater than V, + O.SV, or less than 
V, - O.SV,, the current I, will approach zero. 

o [  \ -s- 
VI n 

V R '  VR 

,303131 
Fig. 3 Characteristic oJgeneral memhershipfunciion 

This MFC will be simulated by using PSPICE in the fol- 
lowing Section. In Fig. 2 the proposed circuit was designed by 
using 3.5pm CMOS design rules. The aspect ratios of 
MlLM6 and M7-MI2 are, respectively, 3 0 p m / 5 p m  and 
10pm/5pm. All the aspect ratios of MOS transistors in the 
floating voltage-controlled resistors are 5 pm/5 pm. The power 
supply voltage VDD is 1OV. 

Simulation resul ts:  In the preceding Section we have presented 
the circuit configuration of the membership function circuit. 
The simulation results of the membership function with vari- 
able widths and slopes are shown in Fig. 4. The parameter of 

each curve IS listed as the following: 

curve ( I ) :  V, = 2 .3  V, V, = 6.15 V, V, = 1.3 V and I,, = 10pA 
curve(2): V, = 1.6V, V, = 5 8 V ,  V, = 1.8V and I ,  = 10pA 
curve(3): V, = 1.2V, V, = 5 6 V ,  V, = 5 V a n d  I,, = 10pA 

All the maximum output currents of the three curves occur at 
yn = 5 V  as required. The simulation results of MFC with 

2 L  

I t  

I 

i 
0 

3 L 5 6 7 8 

" I , "  303/41 
Fig. 4 Membership function with variable wtdths 

variable horizontal positions are shown in Fig. 5. The refer- 
ence voltages V, are 5.1 V, 5.6V and 6.1 V, respectively, for 
curves ( l ) ,  ( 2 )  and (3). The other parameters are the same as 
curve (3) of Fig. 4. Furthermore, we can change the height of 
the membership function by varying the bias current I , ,  and 
the results are shown in Fig. 6. The bias currents are IOpA, 
7 . 5 p A  and 5yA, respectively, for curves (I) ,  (2) and (3). The 
simulation results of this MFC have thus been obtained as 
expected. 
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Fig. 5 Memhership function with variable horizontal positions 
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Fig. 6 Membership Junction with variable heights 

Conclusion A tunable membership function circuit for ana- 
logue fuzzy hardware systems using CMOS technology is pro- 
posed The voltage inputs can be easlly distributed to many 
rule blocks which have the MFC in the input parts It is 
suitable to realise high-speed operations and small-size 
systems 

8th September 1992 
J J Chen, C -C Chen and H -W Tsao (Department of Electrical 
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FIBRE-OPTIC PSK SUBCARRIER 
TRANSMISSION AT 35GHz USING A 
RESONANTLY ENHANCED 
SEMICONDUCTOR LASER 

S. Levy, R. Nagarajan,  A. Mar, P. Humphrey  and 
J. E. Bowers 

Indexing ferms: Semiconductor lasers, Fibre optrcs, Mdlimetre 
wave modulation 

The authors investigate the characteristics of directly modu- 
lated semiconductor lasers using a 35 GHz subcarrier. The) 
have achieved bit error rates of I O - ' '  for data transmission 
over short optical fibre links with a 35GHz subcarrier 

Millimetre (mm) wave modulation of semiconductor lasers is 
of great interest for radar, communications, satellite lmks and 
electronic warfare systems. Applications include the pro- 
cessing and distribution of hundreds of antenna element 
signals in phased array radars, antenna remoting, delay lines 
and signal distribution. Optical fibre technology offers many 
advantages, such as high bandwidth, low loss, low weight, low 
dispersion, flexibility of the transmission medium and immu- 
nity to EM1 and lightning. Optical fibres can serve as an 
excellent replacement for mm-wave waveguides [ 1-31, 
However, application to mm-wave systems has not been pos- 
sible because the largest direct modulation bandwidth report- 
ed to date in diode lasers is only 28 GHz [4]. 

Many mm-wave systems require only narrow bandwidth at 
centre frequencies much higher than the presently attainable 
direct modulation bandwidth of a laser diode. These systems 
will benefit from effcient narrow-band modulation techniques 
at frequencies above the intrinsic laser modulation bandwidth. 
References 5 and 6 discuss the possibility of modulating semi- 
conductor lasers at mm-wave frequencies, even in the presence 
of electrical parasitics. In this paper we will present the results 
of a transmission system experiment using a mm-wave sub- 
carrier at 35GHz modulating a 1280nm laser diode whose 
mm-wave response has been resonantly enhanced in an exter- 
nal cavity configuration. This laser diode had a maximum 
direct modulation bandwidth of only 15GHz. 

The experimental lightwave and mm-wave system is shown 
in Fig. 1. In the transmitter a 17.5 GHz synthesised signal ( H P  
83408) is amplified and frequency doubled to generate the 
35GHz subcarrier. A waveguide balanced mixer is used to 
modulate the subcarrier with non-return-to-zero (NRZ) 
bipolar data output from an H P  70841B pattern generator. 
The result is a binary phased shift keyed (BPSK) signal 
centred at 35GHz. The signal is amplified with a travelling 
wave tube (TWT) amplifier to 16dBm and filtered to reduce 
the amplifier noise. A DC bias current is added to this signal 
and applied to intensity modulate the 1280nm buried crescent 
laser [7]. The light from the antireflection coated rear facet is 
coupled to a gold mirror to form the external cavity and the 
front facet is coupled to single-mode silica fibre through an 
adjustable optical attenuator. The external cavity length is 
tuned to  the third harmonic at 35GHz. 

At  the receiver the light is detected with a PIN detector (HP 
83440D). The -3dB electrical bandwidth of the detector is 
24GHz and there is a 7dB rolloff in the power response at 
35GHz. The DC responsivity of the photodetector is 0.5A/W 
at 1300nm. The output is band pass filtered and amplified, 
with a low noise mm-wave amplifier/mixer module, and down 
shifted to a 5 GHz intermediate frequency (IF) using a 30GHz 
synthesised local oscillator (LO) source. A 15 GHz synthesiser 
(HP  83408) source is cascaded with a power amplifier and 
frequency doubler to form the 30GHz LO. The 10 MHz refer- 
ence for this is provided by the transmitter. The resulting I F  
signal is amplified and down shifted to base-band, with a 
second LO at 5 GHz. The baseband signal is low-pass filtered 
and fed to the H P  708428 error detector to measure the bit 
error rate. 

NRZ data Input \ /  

f requency 
doubler 

Fig. 1 Block diagram of mm-ware subcarrier fibre optic transmitter1 
receiver w r e m  using a resonantly enhanced semiconductor laser 

Several requirements must be met for successful data trans- 
mission. The resonantly enhanced laser bandwidth at the res- 
onance frequency will set an upper limit to the bit rate. The 
measurements and the analysis carried out in Reference 5 sug- 
gested a bandwidth of only a few tens of megahertz. In a 
recent analysis: a much larger bandwidth has been calculated. 
The second requirement is the laser AM noise. The intensity 
noise is also strongly peaked at the resonant frequency:. For a 
short optical link the laser AM noise will determine the 
received noise level and set the lower limit on the modulation 
power in order to achieve the minimum signal to noise ratio 
(SNR). The third requirement is the intermodulation distor- 
tion due to nonlinearities in the laser, detector and fibre gen- 
erated by laser chirping and dispersion. The randomly 
modulated BPSK signal will generate distortion due to the 
third order intermodulation products in the system [SI. The 
laser is multimoded and lased at 1280nm. The signal band- 
width combined with transmission in a 1312nm zero disper- 
sion fibre causes dispersion penalty, and sets the upper limit 
on the fibre length for a 
The system -3dB bandwidth at the 35GHz resonant peak 
was measured to be 0.7GHz at 7.46mW laser power output. 
For a lOdBm 35 GHz CW input signal, we measured a 90dB/ 
Hz signal to laser intensity noise ratio. The two tone third 
order input intercept point at 35GHz was measured to be 
17dBm. The system is currently limited by laser AM noise. 

Typical transmission results are shown in Figs. 2 and 3. The 
spectrum of the detected optical signal is shown in Fig. 2 for a 
35GHz subcarrier and a 40Mb/s BPSK signal. The eye 
diagram of the demodulated data after 200111 of fibre is shown 
as an inset. There is good eye opening. Fig. 3 shows the bit 

bit error rate. 

* NAGARAJAN, R., LEVY, s., MAR, A., and BOWERS, J. E.: 'Resonantly 
enhanced semiconductor lasers' (in preparation) 
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