antenna compared to the omnidirectional case. These results indi-
cate improvements from reduced multipath and more Rician sec-
tor statistics, in agreement with [5].

Table 2: Performance comparisons

Name Performance gain (Mode 4) | Performance gain (Mode 5)
dB dB
RI 73 5.5
R2 24 2.5
R3 1.5 1.3

Conclusions: Results with omnidirectional antennas at the MT and
AP confirm that lower frequency selectivity reduces the coded per-
formance of OFDM systems in Rayleigh fading. Channel R1 per-
forms better than might be expected for such low RMS delay
spreads since the channel exhibits a significant Rician characteris-
tic.

Performance comparisons between omnidirectional and sector-
ised antennas clearly demonstrate that the average coded perform-
ance is significantly enhanced in all cases by sectorisation
(Rayleigh or Rician, frequency selective or flat). In channels with
a dominant multipath component, the correct choice of sector will
reduce the multipath activity and improve the Rician statistics. As
shown in Table 2, gains of up to 7.3dB occur. In channels with
high angular spread and no dominant component, a small
improvement will occur from six-sector antenna diversity.

The performance gains quoted in Table 2 are independent of
the antenna gain (Table 1) offered by the sectorised antenna
(antenna gain was normalised in the simulation). In cases where
the sectorised antenna is used to receive (uplink), the antenna gain
will offer an effective performance gain. This antenna gain is typi-
cally a few dB less than the 7.8dB theoretical maximum. The loss
occurs owing to energy falling outside the main beam of the
antenna (i.e. into other sectors). In a channel with low angular
spread, the perceived antenna gain is close to the theoretical maxi-
mum, since the majority of received multipath falls in a single sec-
tor [4].

Clearly, despite reduced frequency selectivity, AP sectorisation
offers a means of improving the performance of a HIPERLAN/2
link. In cases where the channel exhibits strong Rician characteris-
tics, the gain can be extremely high, e.g. gains of 13.4dB on the
uplink and 7.3dB on the downlink (with a further 7.8dB power
saving) are possible for the mode 4 example considered in this Let-
ter.
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Performance of Rake receiver assisted
adaptive-modulation based CDMA over
frequency selective slow Rayleigh fading
channels

B.J. Choi, M. Miinster, L.-L. Yang and L. Hanzo

A closed form expression of the average bit error rate (BER) is
derived for a Rake receiver based adaptive-modulation scheme
over frequency selective slow Rayleigh fading channels. Multi-
dimensional minimisation of a cost function based on the derived
closed form BER expression is performed to optimise the
switching levels for a constant BER adaptive modulation system.

Introduction: In adaptive quadrature amplitude modulation
(AQAM) [1 - 3], the modulation mode is determined on a frame-
by-frame basis depending on the near-instantaneous channel qual-
ity, in order to increase the throughput, while maintaining a given
target BER. For the successful operation of adaptive modems,
accurate channel quality estimation/prediction and switching level
optimisation [4] are important. Assuming perfect channel quality
estimation/prediction, here we focus on the analysis of the average
BER of the Rake receiver assisted adaptive modem and on the
optimisation of the switching levels. The performance of adaptive
modems communicating over narrow-band Rayleigh channels [5]
as well as over wide-band Rayleigh channels [6, 7] was reported
before. However these results were based on simulations.

Average BER performance: The average BER P,(¥) of an adaptive
modem using five modes (no transmission, BPSK, QPSK, 16-
QAM and 64-QAM) is given as [5]

Po(7) = B (%:{1:3)/B(%: {Li}) (1)
where P, is the BER of the AQAM scheme and B is the average
throughput, both of which are dependent upon the average chan-

nel SNR ¥ and on the set of AQAM switching levels {/;}.
The BER of the AQAM scheme P,(7) is expressed as [5]

P (% {i}) = Prppsk (7. l1,12) + 2P gpPsk(Y, 12, 13)
+4Pr16-Qam (¥, 13,1a) +6P; sa—Qam (¥, la, 00)
(2)
For m-ary square QAM employing Gray mapping, the BER term
P,,, in eqn. 2 can be written as [§]

B
Pen(Giasf) = [ Y aQ(E f)dy ()

where 4; and g; are constants, Q(x) is the Gaussian Q-function
defined as Q(x) = [INQm)IT e™2dt and f(y) is the PDF of the
instantaneous SNR per symbol . The PDF f{y) for an ideal Rake
receiver over multi-path Rayleigh fading channels is given as [9]

(p. 802)
L
f) = kg ’;—:e-w (4)

where 7, is defined as m, & TIZ, . 7/(V — 7)) and ¥, is the aver-
age channel SNR of the £th multi-path component satisfying ¥ =
L ¥ Substituting f() of eqn. 4 into eqn. 3 and applying inte-
gration-by-part, the BER P, ,, can be expressed as

Pom(¥;0,8) =
L
53 [amfermotim - rvo(vs))
i k=1

~m{QWaa/m) -Q(Vas/m)l]  ©)

where . = V[a;¥/(a 7 + 2.
On the other hand, the average AQAM throughput B is given
as [5]
B(’_)/, {lz}) = F(l1, l2) + 2F(l2, l3) + 4F(l3,l4) + 6F(l4, OO)
(6)

where Flo, B) = | 3 f(pdy. The average AQAM throughput B of
eqn. 6 can be simplified to

B(®;{li}) = Fo(l) + Fe(l2) + 2F.(ls) + 2F.(ls)  (7)
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where the complementary cumulative distribution function (CDF)
F,(J) can be calculated as

oo L ~
RO = [ 10 =3 me ®)
! k=1

Substituting P, ,, of eqn. 5 and F,(/) of eqn. 8 into eqns. 2 and 7,
respectively, the average BER P,(¥) of eqn. 1 can be expressed in
a closed form.

40’—
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Fig. 1 Optimised switching levels of five-mode AQAM system employing
Rake receiver for target BER of P,/ = 107
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Fig. 2 Average BER of Rake receiver assisted adaptive-modulation
based CDMA

P, is target BER and dotted lines show BER of constituent fixed-
mode schemes
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Optimisation of AQAM switching levels: Torrance et al. [4] pro-
posed the following cost function and applied Powell’s optimisa-
tion for deriving the optimum switching levels:
50
Q{L:}) = D _[10log;o(max{Pu(¥ = i dB; {1.})/P;, 1})
=0
+ B; — B(7 =1dB; {L;})] 9)

where P, is the target BER and B, is the target BPS of 6, which is
the throughput of the highest modulation mode, namely 64-QAM
in our scenario. Eqn. 9 allows us to produce a set of switching
levels {/;}, which is fixed for the whole SNR range. However, the
corresponding average BER is not constant, implying that the
average throughput can be potentially further increased, whilst
still meeting the target BER. We propose a modified cost function
A(¥; {/}), putting more emphasis on achieving a higher through-
put and aim for optimising the switching levels for a given SNR
rather than for the whole SNR range. This cost function is formu-
lated as
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A(%;{l:}) = 10logyo(max{P.(%; {L:})/ P., 1})

+ plogio(B:/B(¥; {l:})) (10)
where p is a weighting factor, allowing us to aim for a BPS
throughput enhancement. Applying Powell’s optimisation [10]
using this cost function under the constraint of 0 </, <L < <,
the optimum switching level set {/;},,,, can be obtained.

Table 1: Average SNR in dB required for achieving target BER of

1073
BPS SNR, dB
Fixed Adaptive Gain
1 13.187 8.152 5.035
2 16.197 12.334 3.863
4 22.659 19.112 3.547
6 28.418 28.418 -

Results and conclusion: As an example, we use a 3-path fading
channel model derived from an indoor wireless asynchronous
transfer mode (WATM) environment [8], where the average SNR
for each path is given as ¥, = 0.791927, ¥, = 0.124247 and ¥; =
0.083847. The optimised switching levels are depicted in Fig. 1,
where the target BER P, was 10 and the weighting factor in
eqn. 10 was p = 3. Fig. 1 suggests that the lower-order modula-
tion modes are abandoned one by one as the average SNR
increases, in order to increase the average throughput. For exam-
ple, the BPSK mode is unlikely to be invoked by the AQAM
modem, when the average channel SNR is in excess of 19dB, and
hence /, rapidly approaches zero or —~ in dB, as shown in Fig. 1.
The average BER of our AQAM system depicted in Fig. 2 shows
that the modem maintains the required constant target BER, until
it reaches the BER curve of the fixed-mode modulation scheme
employing the highest-order modulation mode, and then it drops.
Table 1 summarises the SNR gain of the AQAM schemes over
the constituent fixed modulation schemes for the target BER of
10-3. For the average throughput of 1 BPS, the fixed BPSK
modem required an average channel SNR of 13.187dB, whereas
the AQAM scheme required 8.152dB, exhibiting over 5dB SNR
gain. However, this SNR gain was decreased in comparison to
higher throughput fixed schemes. In terms of the average through-
put, the AQAM scheme provided more than 1 BPS throughput
gain over the fixed schemes for a given SNR. This additional
throughput can be invested into channel coding for ensuring that
the system exhibits virtually error-free performance.

In conclusion, we found that Rake receiver assisted AQAM can
be configured as a fixed BER system, while providing a variable
throughput as a function of the average channel SNR. The adap-
tive arrangement was shown to outperform the conventional fixed-
throughput/variable-BER system. Since we assumed perfect chan-
nel SNR estimation/prediction, the observed performance gain
constitutes the upper-bound performance.
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GalN/SiC p-n mesa junctions for HBTs
fabricated using selective
photoelectrochemical etching

J.W. Graff, E.F. Schubert and A. Osinsky

GaN/SiC p-n junctions for heterojunction bipolar transistors have
been fabricated using photoelectrochemical etching. The process
was shown to have excellent selectivity between »n- and p-type
semiconductors, self-terminating at the p-type SiC layer. Smooth
p-SiC surfaces were observed, and contact resistance on the
etched surface of 3 x 10-*Qcm? was achieved. This process has
been used in the fabrication of HBTS.

Introduction: The wide bandgap semiconductors GaN and SiC
have emerged as important materials for high performance elec-
tronic and optoelectronic devices. Recently, high electron mobility
transistors (HEMTs) based on AlGaN/GaN heterostructures [1],
as well as high performance SiC metal semiconductor field effect
transistors (MESFETs) [2], have been demonstrated. However,
bipolar devices, including heterojunction bipolar transistors
(HBTs), are also of great interest owing to the better linearity and
greater power density attainable.

A number of obstacles exist in producing high performance
HBTs based on GaN and SiC heterostructures. For the AlGaN/
GaN system, the inherently high resistivity of p-GaN currently
limits device performance. Alternatively, the growth of a wide
bandgap GaN emitter on conductive p-SiC base can avoid this
problem, provided high quality emitter-base heterojunctions can
be attained. From a processing standpoint, the low etch selectivity
between emitter and base during plasma etching, as well as degra-
dation of base contact resistance, are obstacles to devices based on
using either material [3]. In this Letter we demonstrate a novel
method of relieving both of these problems, based on a highly
selective, low damage wet chemical etch.

Experiment: The p-n junctions examined in this study are formed
by the GaN emitter and SiC base layers of an HBT wafer. The
structures were epitaxially grown on conductive n-type 4H SiC
substrates. A 0.7um »-type SiC collector was grown by standard
chemical vapour deposition, followed by a 0.2pum p-type SiC base
layer. Following the SiC epitaxy, a 0.25pum-thick n-type GaN
emitter was grown using the hydride vapour phase epitaxy
(HVPE) technique.

Device processing for p-n junctions began with the e-beam dep-
osition of a T/AI/Ni/Au ohmic contact to the #-GaN emitter. This
metal also served as a mask for the etch process. Emitter mesa
definition was performed using photoelectrochemical (PEC) etch-
ing. In this method, the sample is placed in a dilute aqueous solu-
tion of KOH (~0.04M) and exposed to ultraviolet light from a
mercury arc lamp (at an intensity of ~l0mW/cm?). A 1.0V bias
was applied between the semiconductor and the etch solution dur-
ing the process. After formation of the emitter mesa, AI/Ti/Au
contacts to the p-SiC base were formed. Finally, the structures
were annealed for 30s at 800°C in a nitrogen ambient to reduce
contact resistance.
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Results and discussion: Photoelectrochemical (PEC) etching has
been shown to be selective to conductivity type in both GaAs and
GaN materials [4, 5]. This method employs above bandgap radia-
tion to generate electron-hole pairs inside the semiconductor.
Assuming a pinned surface potential, an electric field exists which
forces photo-generated holes to the surface in an n-type semicon-
ductor and drives holes towards the bulk in a p-type semiconduc-
tor. The excess of holes at the surface in the n-type case makes the
material susceptible to chemical attack. Conversely, the excess of
electrons at the surface of a p-type semiconductor effectively
strengthens chemical bonds, further resisting dissociation.

During the PEC etch process, the current between two neigh-
bouring emitter contacts was monitored as a function of etch time.
This result is shown in Fig. 1. The current decreases by more than
three orders of magnitude after 25min of etching. No further
change in current is observed for longer etch times, indicating that
this residual current may be due to leakage through the base-emit-
ter junction. This also implies that all of the GaN layer has been
etched away.
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Fig. 1 Measured I-V characteristics between two n-type contacts

Significant reduction in current implies complete removal of n-type
layer
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The etch profile of the resulting emitter mesa measured with a
contact profilometer is shown in Fig. 2. Two points are evident
from the Figure. First, the significant GaN surface roughness. We
attribute this roughness to the use of off-axis 4H SiC substrates,
which are more suitable for SiC epitaxy but less so for GaN
growth. The second feature of note is the very smooth exposed p-
SiC surface. This surface was measured to have an RMS rough-
ness < 50A, which is less than the resolution of the profilometer.
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Fig. 2 Etch profile of n-GaN/p-SiC mesa diode

The I-V characteristic of the p-n junction diode is shown in
Fig. 3. The diode characteristic appears quite resistive, owing to
the small thickness of the base and the relatively low conductivity
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