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related to the random spread of dopant atoms throughout the
doped AlGaAs layer. The discrepancy between measured and
estimated drain resistance needs further investigation.
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ma m

average
0.7

mC2 m

average
Built-in voltage
ZDEG saturated
electron
velocity

0.83
206

2.7
3.9

0.80
200‘

V

km/s

FAST COMPUTATION OF
TWO-DIMENSIONAL DISCRETE COSINE
TRANSFORMS USING FAST DISCRETE
RADON TRANSFORM

* See text for discussion
The saturated electron velocity in the ZDEG was allowed to
become a free variable in this inverse modelling procedure to
test the self consistency of the work. The mean value of
206 km/s is in good agreement with recent l i t e r a t ~ r e ’ ~ , ’ ~
which suggest a value, due to velocity overshoot and other
effects, nearly the commonly accepted peak electron velocity
of around 200 km/s.
Conclusion: We have presented a procedure for the inverse
modelling of conventional GaAs/AlGaAs HEMTs which for
the first time enables the device’s structure to be determined
from D C I/V characteristic curves. This procedure should be
adaptable to other transistor types.

A new fast algorithm is presented for computing the twodimensional discrete cosine transform (2D DCT) using the
fast discrete Radon transform. The algorithm has the lowest
number of multiplications compared with other algorithms.
Furthermore, the algorithm is well suited for parallel implementation.

Introduction: Since its introduction in 1974, the discrete cosine

transform’ has found wide applications in image processing
and data compression, due to its ability to closely approximate the optimal Karhunen-Loeve transform (KLT) and its
suitability for implementation by a fast algorithm. Recently, it
has been adopted by the CCITT as a part of the video coding
standard.
In image coding, the usual way of computing the 2D DCT
has been the row column approach, where a 2D DCT of an
N x N block is decomposed into N DCTs of N rows and N
DCTs of N columns. A recent study’ has shown that direct
2D techniques are more efficient than rowsolumn
approaches.
We propose a 2D direct computation of the 2D DCT. The
approach is based on the geometric relationships between
points on a 2D grid, which was exploited by Gertner3 in his
paper on computing the 2D DFT. The 2D DCT is first formulated as a two-dimensional odd DFT (2D ODFT). The newly
formed 2D O D F T can be calculated from 3/2 N 1D DFTs
and 3/2 N complex multiplications.
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Computing of2D D F T : We briefly describe the discrete Radon
transform (DRT) approach to computing a 2D DFT proposed
by Gertner,3 to understand the computation of the 2D DCT.
A 2D DFT is defined as
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Gertner3 has shown that an N x N point 2D DFT can be
computed by taking a number of N-point 1D DFTs, where
this number is equal to the number of linear congruences of
the N x N grid. The 2D DFT can now be calculated using the
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following equations:

We can describe U(k, r) as follows:
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and observe that the summation in the above equation is
exactly that for the 2D DFT. Hence the computation of the
2D DCT can he performed by the discrete Radon transform
in Reference 3, giving
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=
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where ( ) , denotes the residue modulo N , R I and R , are the
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2D DCT using F D R T : We describe here the algorithm for
computing 2D DCT using the FDRT. A 1D DCT is defined
as follows:
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. N ote that
eqn. 10 requires U(k, 0 to be computed for all k, and only a
subset of I such that (1, N - 1 ) cover all possible values of 1.

(16)

Conclusion: In this letter a novel fast algorithm for computing
the 2D DCT is described. The proposed algorithm requires
the minimum number of multiplications compared with other
related algorithms. Further reduction in computational complexity may he achieved by examining the redundancies that
occur in the mapping DCT to DFT. In addition, the algorithm is well suited for parallel implementation.

By analogy with the 1D case, it is easy to recognise that the
2D DCT coefficients can be obtained from U(k, r) by the
following set of equations:

X(k, N

+ $ + 92"-'
+ 18 + 92"-'

The measure of computational complexity of the proposed
algorithm is shown in Table 1 together with other algorithms
for comparison. In this comparison, one complex multiplication is evaluated by three real multiplications and three real
additions. Note that the proposed algorithm requires significantly fewer multiplications and only slightly more additions.

i=o
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Note that we only need to evaluate U ( k ) for a set of k such
N_
-,I}.
that theset { k , N - k } = ( 0, _ _
For the 2D case, the 2D DCT is defined as

~

(15)

Because the number of linear congruences for the N x N
array with N = 2" is 3 2"- I, the number of additional complex
multiplications is 3/2N. Furthermore, a complex multiplication can be implemented by three real multiplications and
three real additions. Therefore, the arithmetic complexity for
the FDRT-based 2D DCT are

i=O

N-1

+
+ 18

M[DFT (2" x 2")] = n22'-1 - $2'"-'

2 4 4 i 1)k
Hi) cos ___
4N

where Hi)= x(2i) and H N - i - 1) = x(2i + l ) , 0 5 i < N/2.
From trigonometrical identities, the expression for X ( N - k )
is similar to the above equation except that the cosine function is replaced by a sine function. Hence we can define a
transform U ( k )as follows:

X(k, I) =

(14)

Arithmetic complexity: Let M[]and A [ ] denote the number of
multiplications and additions needed to compute [I, respectively. The arithmetic complexity for the FDRT-based 2D
DFT algorithm for real inputs are4

By using a classical mapping' the DCT can be written as
follows :
N-1

1

Wi;N,2m')N+i R,(m,

The computation of a 2D DCT can now be performed by a
number of I D DFTs with one additional complex multiplication. Note that this approach is more efiicient than the 2D
DFT plus 2N complex multiplications, as the number of linear
congruences in a N x N grid is 1 2 N . In addition, the computation of sets of Radon transforms and their DFTs can be
performed independent of one another. So we can have ( 3 / 2 N )
processors running in parallel, with each process computing
the 1D DFT and complex multiplication, simultaneously.

i)
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=
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Table 1 ARITHMETIC COMPLEXITY O F N x N 2D DCT ALGORITHMS
Proposed
algorithm

Polynomial
transform

Row-column
FFCT,

N

Multiulication

Addition

Multiulication

Addition

Multiulication

Addition

8
16
32
64

60
288
1512
7800

512
2650
13474
65842

96
512
2560
12288

484
2531
12578
60578

192
1024
5120
24576

464
2592
13376
65664
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transconductance measurement^.^ The rapid decrease in
mobility towards pinch-off has been reported b e f ~ r e ,and
~
attributed to a reduction in ionised impurity screening.’
However this does not explain the similar rapid decrease in
the mobility of MESFET layers reported from Hall effect strip
and etch measurements.’ From the GaAs/GaAs profile in Fig.
1 it can be seen that the rapid decrease in mobility coincides
with the onset of deep trapping.
5000,

20

- 1

transient current

4ooo

GoAslGaAs

ELECTRON MOBILITY AND DEEP LEVEL
TRAP PROFILES OF M B E GaAs O N Si
MESFETs

M ESFET

1 2 k 5

3y5725

temperature

Indexing terms: Electron mobility, Field efect transistors

Low field electron mobility and deep trap profiles have been
determined for 0.7pm gate length GaAs on Si MESFETs.
The peak mobility at 300K is 3600m’/Vs, and the dominant trap has been identified as EL2 (E, 0.83eV),with a concentration of 2 4 x 1014cn-3.The comparison of these
profiles with those of GaAs/GaAs MESFETs has been used
to assess the electricaleffects of growth on a silicon substrate.
Introduction; The monolithic integration of gallium arsenide

and silicon technologies has attracted considerable attention;
reports have included discrete GaAs/Si MESFETs with an R F
performance at 8GHz equal to GaAs/GaAs devices,’ and a
1 Kbit static RAM using GaAs/Si MESFETs with an access
time of 61411s.’ However the high density of dislocations
(107-108cm-’) at the GaAs-Si interface can reduce the
quality of the GaAs layer,3 and concern exists that this may
cause detrimental effects on device performance and reliabilit^,'.^ for example by the autodiffusion of ~ i l i c o nWe
. ~ report
for the first time profiles of low field electron mobility and
deep level traps in GaAs/Si MESFETs, and compare these
with profiles from GaAs/GaAs MESFETs.

I
0

transient spectroscopy5 (DLTS) two nonexponential current
transients were detected, and a typical spectrum is shown in
the inset to Fig. 1. The transients had peak amplitudes of
10-20pA, which correspond to trap concentrations of 24 x 1 0 1 5 ~ - 3Fig.
. 1 shows the variation of transient current
amplitude with trap filling pulse for the electron trap shown in
the DLTS spectrum. There was no deep trapping close to
open channel conditions, with the transient current increasing
to a maximum close to the pinch-off voltage (Vp). Hence this
trap has a highly nonlinear distribution, with the peak concentration located close to the channel-buffer interface. The
hole trap-like transient is similar to that reported by Hickmott et al.6 and identified as being due to deep trapping near
to the channel/buffer interface, at low temperatures.
Fig. 1 also shows the electron mobility profile at 300K
which was determined from geometric magneto84

1
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1 5
2
bias Vr , V

‘

3

2 5
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vP

Fig. 1 Electron mobility and deep trap profiles for GaAslGaAs
MESFET
Results: G a A s on Si M E S F E T s : A single electron trap was
detected with an activation energy 0433eV and a capture
cross-section of 3 x 10-”cm2, which corresponds to the signature of the GaAs trap EL2.’0.’1 The transient current
amplitudes were 1-3pA, equivalent to a concentration of 26 x 1014cm-3. Fig. 2 shows the variation of the transient
current with reverse bias for EL2, together with the 300K low
field electron mobility profile for the same device. From the
relatively linear dependence of transient current amplitude
with trap filling pulse it can be deduced that the EL2 is
approximately uniformly distributed in the channel. In con-

Layer growth and device fabrication: GaAs/GaAs and GaAs/Si
layers were grown using MBE, on semi-insulating GaAs and
8 0 0 cm resistivity silicon substrates. For both device types the
growth sequence was: 2 p m undoped GaAs buffer layer,
0.2pm channel layer n-GaAs :Si 1-2 x 1017cm-3, 0.05pm
cap layer n+-GaAs : Si 2 x 10’8cm-3. Depletion mode
devices were fabricated with evaporated InGeAu ohmic contacts and TiPtAu gate metallisation. The GaAs/GaAs devices
had a transconductance of 175mS/mm compared with
170mS/mm for the GaAs/Si MESFETs.
Results: GaAs o n GaAs M E S F E T s : Using current deep level
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Fig. 2 Electron mobility and EL2 profiles for GaAslSi MESFET
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