This coupling characteristic is favourable to simplify the fibre-cou-
pling assembly in an optical measurement system, and is effective
for cost reduction and miniaturisation.
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Threshold and timing errors of 1 bit/2 level
digital correlators in Earth observation
synthetic aperture radiometry

A. Camps, F. Torres, I. Corbella, J. Bara and
J.A. Lluch

Indexing terms: Radiometry, Remote sensing, Correlators

Analytical expressions for the errors generated in 1 bit/2-level
digital correlators (1B/2L) are derived: threshold errors in
comparators and timing (skew and jitter) errors in samplers.
These expressions are used to specify the parameters of the
comparators and samplers in high performance 1B/2L digital
correlators that are required in Earth observation synthetic
aperture radiometry.

Introduction: Future Earth observation missions to monitor soil
moisture and ocean salinity may use synthetic aperture radiometry
at low frequencies (1.400-1.427MHz) [1, 2]. Brightness tempera-
ture maps are formed by processing the cross-correlations of the
signals collected by a sparse array of small antennas. As suggested
in [1], the simultaneous computation of a large number of cross-
correlations can be performed in space-borme interferometric radi-
ometers by means of 1 bit/2-level (1B/2L) digital correlators,
despite their lower radiometric sensitivity. Their main advantages
are their simplicity (a threshold comparator/sampler insensitive to
signal amplitude, a NOT-XOR gate as a multiplier and a counter
as an integrator), low power consumption, ease of integration and
their simple signal distribution network. This Letter focuses on the
errors generated in the measurement of the cross-correlation | by
means of 1B/2L digital correlators as

Bl ()ia (6]

VE[i1 (£)i1(¢)] Eliz ()ia(2)]
Elg: (8)io(1)]

NGO R

where i,,(f) and ¢,,(f) are the in-phase and quadrature compo-
nents of the narrowband radiation collected by the antennas. The
cross-correlation L is obtained from an intermediate correlation Z
= Z+jZ,. Its real and imaginary parts are Z, = Fsign (i,()
sign (i(7))] and Z; = Elsign (¢,(9)) sign (i(9))], i.e. the ratio of the
coincidences between the sign of the samples of the components
i(9), (?) and ¢,(7), i,(r), respectively. In the absence of errors, the
cross-correlation ,; and the intermediate correlation Z,; are
related by the well known expression [3, 4]

/,L:

2
Z,; = = arcsin(pr,;) (2)
T

According to eqns. 41 and 43 of [3], this equation holds with an
accuracy of better than 10 over the range |u < 0.1 [L], when the
effect of the transfer function of the comparators that clips the sig-
nal at a level ¢ is < 2 x 10, The clipping factor ¢ is defined as the
ratio between the clipping amplitude and o, the original RMS
amplitude of the signals being correlated. Thus, for an RMS
amplitude of 220mV, the clipping amplitude must be < 2mV, a
value that can be achieved with high speed comparators [5].

Evaluation of comparator threshold errors: We define by(7) and by(z)
as two joint Gaussian functions equal to b,(f) & §(?), b(f) & L),
for Z, and , and b,(s) A ¢,(2), by(®) & i) for Z, and p, with the
joint probability density function

1
flby,by) = m exp<—
(3)

In the presence of comparator threshold errors, the Z; is com-
puted as

Z,; = Elsign(b; (t) — Azq)sign(be(t) — Azs)]  (4)

and the relationship between Z,; and J1,; can be derived by means
of Price’s theorem [4] for g, ,(x) = sign(x-Ax;) and m = 1

8™ Z (1) [0u™ = o> E[0™ g1 /90T - 8™ g /OB
= 40‘2E[(5(b1 (t) — A$1)5<b2(t) - A.Z’Q)]

b% + b% — 2b1ba a2
202(1 — pi,)
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2 Az +Axd—~2Az 1 Azapyo
ﬂ'\/_l——_u—g P <— 20%(1- pi,) )
which leads to

2) =2/ [ 02)/Oudu-+ Zoss (©)
~2/m [arcsin(,u) — b+ (ap-+ b)/ﬂ]
+ erf(Azy /V20)erf(Axy /v 20)

(5)

where

a2 —(A2? +Add)/20°  bE AmAxyfo®  (7)

Note that eqn. 6 reduces to eqn. 2 if there are no threshold errors.
Additional offset terms are generated by the presence of correlated
noise, such as that caused by local oscillator leakage [6]. The off-
sets can be calibrated by measuring the correlation when the two
antennas are switched to different matched loads that generate
uncorrelated noise. The expected normalised visibility can be
measured with an error < 10 for ju| < 0.1 by means of the ideal
nonlinear relationship

firj(Zr5) = sin(m /2 Zy,5(phr ) = pri (L= arz)  (8)

for an input power of 0dBm over 50Q (¢ = 220mV) [6], and a
comparator threshold error of Ax;, = 1.4mV, leading to an offset
term Z,q,, = 3 X 105 and —a = b = 4 x 10-*. At this point it must
be pointed out that p, and p; suffer from the different gain terms
(1-4,) and (1-a) that can be neglected by choosing o/Ax,, > 100.
The theoretical expressions have been checked by connecting a
50% duty cycle rectangular pulse train to the i,(¢) input and meas-
uring the correlation with a 66 MHz fast-TTL 1B/2L digital corre-
lator prototype [6]. A rectangular pulse train has been selected due
to the difficulty of generating correlated noise with the required
accuracy (g, < 10). The results are shown in Fig. 1. As predicted
by eqns. 7 and 8, the error decreases for increasing o/Ax, , ratios,
reaches an optimum around 300-400mVpp (3-5dBm), and grows
for larger o/Ax, , ratios due to the saturation of the last amplifying
stage. When correlating thermal noise, the signal power must be
reduced to 0dBm to avoid amplifier saturation caused by the clip-
ping of noise peaks.
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error,%
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amplitude,mVpp EiEZA]

Fig. 1 Correlation error against amplitude of pulse train
Duty cycle 50%, f = 15MHz

Evaluation of timing errors: To avoid re-radiation from the local
oscillator to the antenna, signals are not usually down-converted
to the baseband, ic. f; = f, — fio # 0. In this case, the measured
normalised correlation takes the form

fir (1) =F(=7)[1r(0) cos(2m fr7) +p5(0) sin(27 f17)] (9a)
i (1) =7 (—7)[p;(0) cos(2m frr) — pr (0) sin(2x fr7)] (9b)

where 7(-7) is the so called fringe-washing function that takes
into account decorrelation effects. Assuming that the receivers fre-
quency response can be modelled by a Gaussian filter with noise
bandwidth B, the fringe-washing function takes the form

F(~7) = FU|H(f)]) = e (10)

If the signals are sampled simultaneously at T = 0, the true cross-
correlation y,; (0) is recovered from eqn. 9. In practice there are

sampling timing errors T = ; + At, where ¢, is a constant sampling
skew between the two channels (i—i, or ¢,—i,) and Ar the jitter.
Assuming that the jitter At is a zero-mean Gaussian random varia-
ble with standard deviation G,, the measured cross-correlation can
be computed as

fir (1) = (F1) [r (0)c0s (27 f17)41;(0)SIn 27 f1) e =14, 120
(11a)
1 () = (F(=7)[14; (0)cos (27 f17)=ptr (0)sin (27 F17) ) =14 e
(115)

After some manipulations, eqn. 11 can be evaluated and simplified

for the typical values involved —t,, < 2mns, oy, < 3ns, f; =
1.410MHz, f;, = 1.395MHz, f; = f, — f1, and B = 30MHz:

fir = & " PrUom 4Bt TReal (1, (0) +uy (0) 77 e
(12a)
~ —r[2n(fro-; )% )2 . j2m .
iy = €T ErU7 B g [, (0) 5y (0))e 7
(12b)
Note that the first term in eqn. 12 is the fringe-wash gain factor,
which is ~0.95 and may be slightly different for the real and the
imaginary parts of the measured cross-correlation. Conversely, the
phase term inside the brackets is a phase error different for each
component (1, and u,, that can be decomposed into an in-phase
term and a quadrature error
b, 4+ j
2
pauedrature — §_— &, = 2nf1(ty, +ta,) < 0.14°

pinphase _ e tg. +tq.) < 10.8°
7 f1(ta, + ta;) (13)

The quadrature error is very small and has a negligible impact
over the radiometric accuracy [6]. However, the in-phase term
must be very similar between all the correlations to allow simpler
calibration techniques. That is, samplers are required to be
matched with skews between sampling times of < 0.09ns to
achieve a negligible non-separable phase error of | 72k —¢ ok |
< 0.5° between channels #m—# and p—¢ [6]. Fig. 2 shows the meas-
ured relative error against the frequency of a 50% duty cycle rec-
tangular pulse train connected to the 7 (f) input. Except for the
lowest frequencies, where a DC block filter attenuates the signals,
the error grows with frequency as predicted by eqn. 13.
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Fig. 2 Correlation error against frequency of pulse train
Duty cycle = 50%, Amplitude = 300 mVpp

Conclusions: Closed form expressions have been derived to evalu-
ate the errors generated in 1B/2L digital correlators. In practice,
clipping and threshold errors can be neglected with an error of
<10+ provided that the clipping amplitude and the threshold
errors are smaller than 2 and 1.4mV, respectively, for an input sig-
nal of 220mV, (0dBm over 50Q). However, the non-separable
phase error introduced by skew sampling errors may be compara-
ble to that introduced by filter mismatches [6] and must be taken
into account when selecting the sampler technology. For a low-
pass signal of 30MHz bandwidth, centred at 15MHz, sampling
skews of < 0.09ns are required to neglect the non-separable phase
errors.
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AlGaN/GaN double heterostructure channel
modulation doped field effect transistors
(MODFETs)

Zhifang Fan, Changzhi Lu, A.E. Botchkarev, H. Tang,
A. Salvador, O. Aktas, W. Kim and H. Morkog

Indexing terms: MODFET, Semiconductor devices

AlGaN/GaN double heterostructure channel modulation doped
field effect-transistors (DHCMODFETs) with a 1.5-1.75um gate
length and a 3um channel length exhibiting record
transconductances and saturation current levels have been
demonstrated. The maximum normalised drain current and
transconductance are ~1100mA/mm and 270mS/mm, respectively,
at room temperature. Near pinch-off, the drain breakdown
voltage is ~80V. At an elevated temperature of 300°C, the
maximum drain source current and extrinsic transconductance of
the device are ~500mA/mm and 120mS/mm, respectively.

The high electron peak and saturation velocity and a large break-
down field attributes of GaN, combined with its good thermal
conductivity and stability make it an attractive material for high
power/temperature electronic devices [1, 2]. The wide bandgap of
GaN leads to low intrinsic carrier concentration enabling a more
precise control of free carrier concentration over a wide range of
temperatures [3]. Recent investigations have led to the realisation
of several AlGaN/GaN field effect transistors [4 — 8]. Binari ez al.
[6] presented the results of DC measurements showing that these
devices can operate at least up to 300°C while Khan et al. [7] and
Aktas et al [8] also reported in some detail the current voltage
characteristics at temperatures up to 300°C. GaN based MOD-
FETs have also been reported to exhibit microwave current gain
cutoff frequencies approaching 40GHz at the 0.25um gate length
level [9], and RF power levels of 1W/mm at 2GHz [10] and 1.5W/
mm at 4GHz [11]. In this Letter, we present a novel AlGaN/GaN
double heterostructure channel MODFET exhibiting a record DC
performance which rivals that of other high performance 1I-V
based MODFETs.

The layer structure of the DHCMODFET is shown in Fig. 1.
The film was grown by reactive molecular beam epitaxy with
ammonia as the nitrogen source [12]. The AlGaN/GaN double
heterostructure channel layer was grown on top of an undoped,
highly resistive GaN layer. A 70A GaN channel layer with an esti-
mated background electron concentration of 5 x 10'Scm?, strad-
dled by two 20A thick n-AlGaN with Si doping of 1.3 x 10 and
8.7 x 10"cmr3, formed the core of the DHCMODFET. Separating

these two doped AlGaN donor layers are two 20A thick i-AlGaN
spacer layers adjacent to the channel layer. As in the case in
AlGaAs/GaAs MODFETs, the sole purpose of the two AlGaN
spacer layers is to further separate the electrons from the donors.
Lastly, a 30A thick i-AlGaN cap layer was grown on which to
form the Schottky barrier gate. By Hall-effect measurement, the
mobility and sheet carrier density in the 2D electron gas 2DEG)
are found to be 304cm?Vs and 3.7 x 10%cm?, respectively, at
room temperature.

S G
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AN 0.34um
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Fig. 1 Schematic diagram of AlGaN/GaN double heterostructure
MODFET layer structure used

A number of DHCMODFETS with gate lengths of 1.5-1.75um
and gate width of 40pm were fabricated on the same wafer. The
details of the fabrication process are discussed elsewhere [5].
Briefly, reactive ion etching was used to isolate the devices, Ti/AY
Ti/Au (200/1200/400/100A) was used to form the source and drain
contacts and Pt/Au (300/700A) was used for Schottky contacts.
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Fig. 2 Output I-V characteristics of AIGaN/GaN double heterostructure
MODFET at room temperature for gate biases of +3.5 to -4V with
0.5V steps

V, =35V, T=RT

The DC drain characteristics at room temperature of the DHC-
MODFET device with gate length of 1.5um, gate width of 40um,
and drain source separation of 3um are presented in Fig. 2. The
maximum drain source current I,s corresponding to a drain-
source voltage Vs = 7V, Vg = 3.5V is ~1100mA/mm which com-
pares with the maximum I, value of 695mA/mm obtained for a
MODFET reported earlier [5]. The HDCMODEFET has a room
temperature extrinsic transconductance g, = 270mS/mm which
compares with a value of 220mS/mm reported earlier [5]. The
value of the total resistance R, extracted from the linear region of
the I-V curves is 4 ¥mm. Near pinch-off, the drain breakdown
voltage is ~80V, indicating excellent power potential of the device.

The [V characteristics of the HDCMODFET at 300°C is
shown in Fig. 3. These measurements were made in a nitrogen
pressurised container to avoid possible oxidation of the contacts
and probes. The maximum drain-source current and extrinsic
transconductance of the DHCMODFET are 500mA/mm and
120mS/mm, respectively. From Figs. 2 and 3 it can also be seen
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