
exceeds that of the reference beam (P,</). The switching threshold 
can thus be controlled by the reference beam. The LED driver is 
current-balanced: if the LED is off, the current flows through 
MESFET MI,  and the LED is turned on by pinching off MI. 

f-? 

Fig. 3 Schematic diagram of threshold circuit including parasitic LEDs 
connected to MESFETs and PDs 

The dimensions of the MESFET gates in the diagram are given by 
length/width 

The output power is 30pW in the ON state, and a contrast ratio 
greater than IO00 has been estimated (Fig. 4). The minimnm 
switching power is measured to be 3nW at vanishing reference 
power. At a differential input power of 5OnW between Pref and 
PlWlrrh, the circuit has a switching delay of 43p ,  which corre- 
sponds to a switching energy of 2 pJ. The photodetector area is 
twice 50 x S o p 2  and the whole circuit, consisting of two PDs, 
two MESFETs and an LED, occupies 200 x 2 0 0 p 2 .  The power 
dissipation remains constant at 15mW. 

Ught input power, n W 
171(111 

Fig. 4 Switching behaviour of threshold circuit 

Pmf= IlSnW, V,, = 4V, Vss = 2-V, V, = 1.5V 

Conclusion: We have developed a layer structure grown in a single 
step and a fabrication process for the monolithic integration of 
cascadable optoelectronic smart pixels. A threshold circuit with 
low switching power and switching energy has been demonstrated. 
The performance of such circuits is suitable for application in the 
fields of parallel optical interconnects and optoelectronic neural 
networks. 
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Noise and small-signal performance of three 
different monolihic InP-based 10Gbit/s 
photoreceiver OElCs 

D. Kaiser, F. Besca, H. GroBkopf, I. Gyuro ,  
J.-H. Reemtsma and  W. Kuebart  

Indexing terms: Integrated optoelectronics, Optical receivers, 
Semiconductor device noise 

Three circuit concepts (high impedance, common gate, and 
transimpedance) for a 10GbiUs monolithic receiver OEIC 
consisting of an InGaAsiInP pin photodiode and InAlAsflnGaAsJ 
InP HEMTs are compared in terms of noise and small-signal 
performance using on-wafer measurements. A total equivalent 
input noise current of 13.5pNdHz within the bandwidth of the 
transimpedance circuit is the lowest value ever reported for a 
monolithic InP-based IOGhiUs reiver OEIC. 

For long-haul lightwave communication systems there is an 
increasing interest in IOGbit/s components. However, it has not 
been clear to date which concept will be successful in providing a 
high-performance but lowcost optical receiver. Monolithically 
integrated receiver front ends offer lower parasitics than hybrid 
solutions, which is essential for obtaining the highest bit rates. 
However, obviously the noise of the integrated devices is still too 
high. Today the best monolithic result reported is a 7.4GHz band- 
width circuit with a sensitivity of -17.3dBm at a bit error ratio of 
Ik9 for a lOGbit/s NRZ signal [I]. The sensitivity was traced hack 
to a total medium input noise current of 25 pA/dHz. We present 
on-wafer measurements on three different circuit concepts for an 
InP-based monolithic photoreceiver using an InGaAdInP pin pho- 
todiode and InAIAs/InGaAflnP HEMTs. The circuits with 
increasing complexity, from a simple high impedance OEIC over a 
common gate circuit with source follower up to a transimpedance- 
cascode circuit, are shown in Fig. 1 and are compared in terms of 
bandwidth, responsivity, electrical output matching, and noise current. 

HI GO TI lbiiiil - 
Fig. 1 Circuit diagrams of three different realised receiver-OEIC concepts 
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The integration concept, which is described elsewhere [2], is 
based on ptocess technologies which take into account the aspect 
of possible; future fabrication: low pressure metal organic vapour 
phase epitaxy, diffusion, and optical lithography. The 4 5 p  diam- 
eter pin photodiedes have an optical window of 3 0 p ,  the respon- 
sivity observed at 1300nm is 0.85A/W, and the dark current is of 
the order of 10 nA at a reverse bias voltage of 5V. The HEMTs (1 
x 100pn2 gate area) exhibit a gate leakage current of -5p.4 at 
maximum transconductance (330mS/mm); the extrinsic transit fre- 
quency is around 35GHz. Resistors are realised using the HEMT 
layers. The capacitance of the MIM capacitors is -7pF with an 
isolation resistance of typically better than 500wL. The series 
resistance of the level shifter diodes at a forward bias of 10 - 
20mA is -6R. 

.- 
0 1 2 3 4 5 6 7 8 9 1 0  

frequency, GHz rn 
Fig. 2 Transfer f i c t ions  of three monolithic OEICs and one diicrete pin 
photodiode 

The high-frequency characteristics of these optoelectronic cir- 
cuits are measured using the on-wafer probing technique and a 
network analyser to modulate the 1300nm calibrated laser source 
of a lightwave testset. A lightwave probe with a singlemode lensed 
fibre is used to illuminate the pin photodiodes of the OEICs 
whereas a coplanar probe tip is used to detect the electrical 
response on-wafer. To provide the diverse JX biases to the cir- 
cuits, coplanar multiple-power probe tips are used. In Fig. 2 the 
de-embedded (see [3]) optoelectronic transfer functions, i.e. the 
high frequency responsivity &,I of the three different types of 
OEICs and, in addition, of one discrete pin photodiode, are shown 
in the frequency range 0 - 1OGHz. The responsivity is calibrated 
in A/W. The lowest trace (named pin) belongs to the pin photodi- 
ode and was measured at a reverse bias voltage of 5V. A 3dB 
bandwidth of the order of lOGHz can be observed. From the low- 
est measured modulation frequency (130Hz) a responsivity of - 
1.3dB A/W (0.86 A/W) is determined. The other traces are trans- 
fer functions of three different types of OEIC. The high impedance 
circuit called HI reveals a fairly low responsivity of 2.8dB A/W 
(1.38NW) due to the value R ,  = 6OR of the load resistor, which is 
necessary to achieve the observed bandwidth of 6.1GHz. The 
small-signal response of the common gate-circuit GO with source 
follower can also be seen in Fig. 2. The trace is very smooth with- 
out any reflective effects and reveals a 3dB bandwidth of 6.8GHz. 
The responsivity of 5dB A/W (1.78A/W) is somewhat higher com- 
pared to the high impedance OEIC. The transimpedance-cascode 
circuit TI uses a feedback resistor of approximately R, = 300R 
and operates stably in the whole frequency range. As can be seen 
in Fig. 2 it attains the highest responsivity of 12.9dB A/W (4.41NW). 
Taking into account the responsivity of the pin photodiode 
(-1.3dB A/W) a gain of 14.2dB is determined for the transimped- 
ance circuit in the 50R system. This means that the transimped- 
ance of the electrical part of the OElC is -26OR. The trace shows 
a 3dB bandwidth of more than 5.5GHz and no excessive peaking. 

The magnitude of the electrical output reflection IS,l of all 
three OEICs of Fig. 2 in the same operating point is depicted in 
Fig. 3 again in the frequency range of 0 - 10GHz. As can he 
observed, the high impedance circuit HI is highly reflective show- 
ing values in the order of only -1 dB for the magnitude of the out- 
put reflection. The transimpedance circuit TI is somewhat better 
matched, starting at low frequencies at -3dB. When the transim- 
pedance circuit exceeds the 3dB bandwidth the matching 
improves, but in the vicinity of the bandwidth a slight increase in 
the output reflection is observed. In contrast, the common-gate 
circuit GO using a source follower achieves a very good matching 
to the 50R measurement system of better than -12dB in the whole 
frequency range. This is the explanation for the very smooth trans- . 

fer function without reflective effects observed for the GO circuit 
in Fig. 2. 

p O - 
N 

!!2 -6 

3-241 ' ' ' ' , . I 
0 1 2 3 4 5 6 7 8 9 1 0  

frequency, GHz 
Fig. 3 Electrical output matching of different receiver OEICs 

The noise properties of the circuits are also investigated on- 
wafer. Without any optical input signal the output noise current is 
measured using a broadband low-noise ampliier (as the second 
amplification stage) and a spectrum analyser. The equivalent input 
noise current density is calculated using the gain of the OEIC as 
the device under test (gain 1: see Fig. 2) as well as the main ampli- 
fier (gain 2 = 34.5dB, noise figure NF2 = 2dB). In Fig. 4 the 
equivalent input noise current density of aIl three types of OEIC 
of Fig. 2 is shown in the frequency band of interest, i.e. the band- 
width of the devices. It is ohvious, that the transimpedance-cas- 
code circuit TI reveals the lowest equivalent input noise current 
density whereas the high impedance circuit HI with a load resist- 
ance of only R, = 6OR shows the highest noise. On the other 
hand, the gate circuit with source follower GO is a good compro- 
mise between noise performance and c imi t  complexity. Again, 
the trace of the common-gate circuit GO is clearly smoother than 
all other traces due to the good output matching of the source fol- 
lower. The total medium noise currents of all three OEICs (HI, 
GO, and TI) from 0.1 - 5.1GHz are 31, 20 and 13.5pA/dHz, 
respectively. The transimpedance circuit shows values down to 
11 pA/dHz in the frequency range 1 - 2GHz. 

L 

6 a 3  
C P  

0' I 
2 0 1 2 3 4 5 6 7  

trequency. GHz 
Fig. 4 Equivalent input noise current h i f y  of different OEICs 

In conclusion, the on-wafer comparison of three different circuit 
concepts of InP-based monolithic receiver OEICs consisting of 
InGaAsflnP pin photodiodes and InAIAs/InGaAs/InP HEMTs 
has been performed. For IOGbitk operation the small-signal 
measurements show a sufficient bandwidth of more than 5GHz 
for all circuits, high impedance, common gate, and transimped- 
ance circuit, but significant differences in responsivity or gain and 
electrical output matching. On-wafer noise current measurements 
reveal a total input noise current of 13.5 pA/dHz for the trans- 
impedance circuit, which is the lowest value reported so far for a 
monolithic InP-based 1OGbitk receiver OEIC. 
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Discussion of method: The reasons for the success of the new 
method in the presence of random noise can be identified by inves- 
tigating the difference between the PM method and LzM method. 
The 12M method fmds out the unknown vector X from eqn. 2 
using the following iteration process: 

( D F ~  . D F ) .  P =  D F ~ .  F - D F  . R  
(5 )  Xk+l = xk - W .  Pk { 

where R = (rl, r,, ..., rN)= is a vector formed by the measured data. 
F =  [fix, rl), fix, 13, ..., F(X, rN)lr. The superscript Tdenotes the 
transpose of a matrix, and 

Extraction of natural frequencies of radar 
target by L2 space optimisation 

J. Li and L. Jen 

Indexing term: Radar cross-sections, Target identification 

A new method (L2M) for extracting the natural frequencies of a 
radar target is presented. The method is based on L2 space 
optimisation. The superiority of this method to the tradional Lz 
space optimisation method (PM, in the presence of random noise 
is analysed and demonstrated by simulation computations. 

Introduction: Because the natural frequencies of any scatterer have 
a unique distribution in the complex plane, they can be used for 
target identification and discrimination. As the extraction of the 
natural frequencies of scatterers is an inevitable step in practical 
applications, it becomes necessary to develop a method, which 
should be as insensitive to random noise as possible, for extracting 
the natural frequencies from a measured response of the scatterer. 

Although the conventional nonlinear scheme [I] is somewhat 
less sensitive to random noise than some other methods, such as 
the Prony method [2], it still cannot meet practical requirements. 
In this Letter a new scheme is proposed. 

New method: It is assumed that the late time response of a radar 
target obeys the natural mode representation 

2M 

F ( X ,  t )  = 2 C(c, cos(w,t) + c t  s i n ( w , t ) ~ e ~ * ~  t > t L  (1) 
i=l 

where S, = a,  + jw, and R, = c, + jd ,  are, respectively, the natural 
frequency and the residues of the ith mode, and X = (cl, .._, c., 
d l ,  ..., d,, a , ,  a,,,, wI, ..., w,,,)~ is the vector containing the 
unknown natural frequencies and residues. 

To obtain a better estimate of S, and R,, instead of minimising 
I ( x )  = c [ F ( x ,  tk) - rk]’ (2) 

K 
as is done in [l], where r, = r(t,) are the sampled late time target 
response, and F(X, t )  is the fitting function given by eqn. 1, we 
minimise 

L ( X )  = / [ F ( X ,  t )  - R(t)]’dt (3) 

where F(X, r) is also the fitting function given by eqn. 1, and R(t) 
is the linear interpolating function of the sampled target response. 
Here F(X, r) and R(r) are both vectors in L2 space. 

Solving the problem LfX)  = 0 by the Newton method requires a 
good initial guess for convergence. We also employ the continua- 
tion method to overcome this difficulty as done in [I]. That is, we 
minimise 

H R  = P [ F ( X ,  t )  - R(t)12dt + (1 - PW - Xoll (4) J 
where X, is an initial guess, and solve the series of problems p = 0, 
PI.  Pa.  ..., 1. 

Because the integration in eqn. 3 can be carried out analytically 
prior to the minimising procedure, the new method can save much . computing time. 

The L2M method determines the unknown vector X from eqn. 3 
using the following iteration process: 

where F(X, t) is the fitting function given by eqn. 1, and 

otherwise 
R(t )  = [; + ( ~ , + i  - r z ) ( t  - t , ) /DT t,+i > t > t ,  

The brackets (. , .) indicate the inner product 

Comparing the processes of eqns. 5 and 6, it can be easily seen 
that: 

(i) The PM method has to perform many multiplications and sun- 
mations to obtain each element of the matrix (DE7 . DF) and each 
element of the vector (DE7 . DF) in eqn. 5, and such operations 
are iterated many times. Hence computational errors are pro- 
duced. As the extraction of the natural frequencies is an ill-condi- 
tioned problem [I], the computational errors will lead to serious 
errors in the final results. 

The L’M method can compute each element of the matrix 
[aF(X, t)/ax,, aF(X, t)/dx,)] and each element of the vector [aF(X, 
t)/ax,, F(X, t)] in eqn. 6 analytically, without introducing numeri- 
cal errors. The final computed results are much more accurate 
than those of the PM method. 

(ii) The 12M method uses discrete values r, of the measured 
response to obtain the entries of the vector ( O F .  R) in eqn. 5. 

The L2M method computes the entries of the vector [aF(X, t)/ 
ax,, R(t)] in eqn. 6 first by interpolating linearly between the sam- 
ple points, and then integrating the product analytically, both inte- 
polating and integration performing a smoothing of the measured 
data. 

0 1  2 3 4 5  6 7 8 9  
time. ns 

Fig. 1 Test waveform 

Example: An arbitrary case is used to show the superiority of the 
L*M method to the PM method. Consider the case n = 5 ( N  = IO) 
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