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III. NUMERICAL AND EXPERIMENTAL RESULTS

Using (1)-(10), of present paper and [7, egs. (28)-(31)], the
VSWR and shunt admittance seen by the rectangular waveguide
are evaluated for a coupling slot of length 2L =1.7 cm and
width 2W = 0.107 cm milled in a metal plate of thickness ¢ =
0.09144 cm. The rectangular waveguide has dimensions A=
1.016 cm and B = 2.286 cm; the circular waveguide has radius
a=1.185 cm; and the frequency range is 8.2 to 9.4 GHz. The
integrals appearing in [7, egs. (30) and (31)] have been evaluated
numerically using Gaussian quadrature [9], and the computa-
tions are carried out for different values of N.

The theoretical results on the variation of VSWR with fre-
quency are presented in Fig. 3, together with the experimental
results obtained from the measurement of return loss using an
HP-8410C network analyzer and an HP-8747A waveguide re-
flection /transmission test set. The variations of normalized
conductance and susceptance with frequency are presented in
Fig. 4.

Computations are carried out for slot lengths ranging from 1.5
to 2.0 cm, for slot widths up to 0.6 cm, and for plate thicknesses
up to 0.5 cm to study the effect of slot parameter variation on
VSWR.

IV. Discussion

A very good agreement between the theoretical and experi-
mental results on the variation of VSWR with frequency justifies
the validity of the theoretical formulations presented above.
However, the minimum VSWR obtained (2.26) for slot dimen-
sions of 2L =1.7 cm, 2W = 0.107 ¢cm, and ¢ = 0.09144 cm is not
satisfactory.

By changing the parameters of the junctions, it has been
possible to reduce the minimum VSWR. From the numerical
results, it is found that VSWR is favorably low for a slot width
of 0.6 cm and a slot length of 1.6 cm. As the plate thickness is
varied from zero to 0.35 cm, the minimum VSWR is reduced
from 2.104 to 1.847 at a frequency of 9.6 GHz. When ¢ is
increased to 0.5 cm, the minimum VSWR is found to be 1.741 at
9.6 GHz. The corresponding minimum insertion loss resulting
from mismatch is about 2 dB. These minimum values are real-
ized at the edge of the frequency band of interest. The VSWR
and insertion loss are higher for other parameters. Since further
reduction of VSWR and insertion loss using rectangular cou-
pling slots is not possible in the frequency range of interest, it is
suggested that the use of round ended slots may result in an
improvement in the minimum VSWR and give rise to a better
matched transition.
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LED-Induced Distributed Bragg Reflection Microwave
Filter with Fiber-Optically Controlled
Change of Center Frequency via
Photoconductivity Gratings

Walter Platte

Abstract —A light-induced distributed Bragg reflection band-reject
microwave filter is reported in which the grating elements are optoelec-
tronically generated through periodic-structure photoexcitation of a
silicon coplanar waveguide. The center frequency can be optically ad-
justed to 11 GHz and 22 GHz, respectively, by means of a pattern-con-
trolled fiber bundle array fed from six CW-operated 50 mW, 840 nm
LED’s. Experimental results are in good agreement with theoretical
predictions. The principle of operation demonstrated also applies to
millimeter-wave integrated circuits.

I. INTRODUCTION

It is known that the distributed Bragg reflection (DBR) char-
acteristics of a periodic-structure waveguide or transmission line
can successfully be utilized for the realization of frequency-
selective microwave or millimeter-wave devices such as band-
reject filters [1] and grating reflectors, e.g., in a stabilized-feed-
back Gunn oscillator [2], [3]. Usually, the periodic perturbation
in the direction of wave propagation is achieved by abrupt
changes in permittivity or cross-sectional dimensions (e.g., re-
duced waveguide thickness [1]-[3]), thus producing a permanent,
normally noncontrollable grating structure. y

However, when replacing the total dielectric (or a suitable
cross-sectional portion of it) by semiconductor material, it is
possible to generate the grating configuration optoelectronically
[4]-[6]. For this purpose, the originally homogeneous, unper-
turbed semiconductor waveguide or transmission line is pho-
toexcited by a locally varying periodic illumination, e.g. by
means of a pattern-controlled LED-fed fiber bundle array of the
type shown in Fig. 1, which correspondingly causes a periodic
distribution of the photoinduced charge carriers inside the semi-
conductor material. Thus, a nonpermanent photoconductivity
grating is created, exhibiting the well-known stopband phe-
nomenon [7] within the nonradiating region of the structure.
Since the lengths I, and I, of the excited and dark sections (Fig.
1(b), (c)), the period A, the total length of the grating structure,
and the amount of photoconductivity (forming the “depth” of
the grooves) can be changed by altering the illumination pattern
and the intensity, the filter parameters (i.e., center frequency,
bandwidth, and reflectance) can be fiber-optically controlled.
The price one pays for this capability, however, manifests itself
in the optically induced losses which clearly injure the reflection
and selectivity characteristics. Moreover, the microwave or mil-
limeter-wave performance of an optically CW-generated DBR
structure is governed by the inherent carrier diffusion mecha-
nisms in such a way that the transverse diffusion mainly influ-
ences the light-induced losses [8], whereas the longitudinal car-
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Fig. 1. Sketch of light-induced DBR microwave filter on silicon sub-
strate illuminated by a pattern-controlled LED-fed fiber bundle array on
top of the coplanar waveguide. (a) Total configuration with cutaway
section of the molding head. (b) Cross-sectional view of the molding
head. (c) Longitudinal distribution of photoconductivity Ac(z) forming
the grating profile.
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Fig. 2. (a) Specific fiber-feeding scheme exhibiting the array-internal
transfer of light and the assignment of the 30 individual apertures to the
six LED’s numbered 1 through 6, d indicates permanently dark aper-
tures. (b) Photoconductivity profile Ao (z) with LED’s 1, 2, 4, and 5
activated (f, =11 GHz, n =0, N = 4). (¢) Profile with LED’s 1, 3, 4, and
6 activated (f, =22 GHz, n=0, N=38.)

rier diffusion (in the direction of wave propagation) effects a
smooth broadening of the grating profile, which reduces re-
flectance and selectivity [6], [9].

The band-reject filter reported here is based on the quasi-
TEM-mode wave propagation in a silicon coplanar waveguide
(Si CPW) [10]. In comparison with the plasma-induced TE-mode
DBR structure in a closed-type semiconductor waveguide [4],
this planar transmission line version offers the advantage of
being operated by low-power light sources without the need for
any-heat sinking. Moreover, the Si CPW configuration is com-
patible with MIC devices and techniques, and the controlling
optical power can easily be supplied to the open semiconductor
surface.
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Fig. 3. Partial photograph of the fiber bundle array used, just generat-
ing a symmetric (n=0) twin-stripe illumination pattern for (a) f, =11
GHz with A, =5.40 mm and (b) f, =22 GHz with A, =2.70 mm.

®

This paper reports the first laboratory specimen of an LED-
induced pattern-controlled DBR filter structure for demonstrat-
ing both the principle and the feasibility of a fiber-optical
changeover of center frequency.

II. FiLTER CHARACTERIZATION FROM
ABRUPT-PROFILE APPROACH

Referring to, on the one hand, the specific fiber-feeding
scheme (Fig. 2) and the resultant illumination pattern (Fig. 3)
and, on the other, the substrate parameters presented in Section
I11, it is seen that, for both values of operating center frequency,
the suitably adjusted length /; of the excited grating section is
much greater than the ambipolar diffusion length L, of the
optically generated charge carriers. In this case, the diffusion-
controlled broadening of the photoinduced grating profile {6]
can be neglected; hence, the filter structure actually works
under the abrupt-profile excitation condition. This allows the
grating reflection coefficient I, 5 to be approximately calcu-
lated from the following expression [5]:

(1—jas,) " -1

= m{l—exp[~211(ao+ Aa+iB)])

n,N

N
X 2 exp{~2(v = D[(ag + B+ L)+ Aaly ]} (1)

v=1

where n is the illumination pattern coefficient, and N is the
number of grating elements. « is the attenuation constant of
the dark Si CPW which, in the present case, is additionally
loaded with the fiber array dielectrics; A« indicates the contri-
bution of attenuation from light-induced losses [8], and 8, is the
phase constant of a lossless (but equally loaded) CPW [6]. A9, is
the effective photoconductivity loss tangent according to A¥, =
2Aa /B;, where A9, <1 has been assumed for the abrupt-pro-
file analysis [5], this requiring low photoexcitation and /or suffi-
ciently high frequencies. Since this approach is based on the
small-reflection theory, (1) holds true as long as IT,, | < 0.40 [6].
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When assuming N > 1, the specific grating dimensions /, and
1, (Fig. 1(b), (c)) are approximately given by

=co/4(n+1)fofe, (2)
and
=2n+1)I, withn=0,1,2,--- (3)

where [, + 1, = A, ¢, is the velocity of light in free space, f,. is
the center frequency, and ¢,, is the overall effective dielectric
constant of the Si CPW, including the dielectrics of the fiber
bundle molding head (Sectlon I1D).

Now, the characterization of any light-induced Si CPW filter
structure with arbitrary values of f., n, and N can easily be
accomplished by means of the excitation-dependent DBR spec-
trum [T, (f)l resulting from (1)-(3), provided that ¢,,, A, and
«, are known. In practice, Aa and €,. can be computed with
sufficient accuracy [8], [10], whereas «,, should be determined by
experiment, bearing in mind that the loss tangent of the com-
pound-dielectric molding head used is largely unknown, espe-
cially at microwave and millimeter-wave frequencies.

Concerning the actual filter structure detailed in Section III,
the following relations have been obtained: B,/rad cm™* =
0.5314- f /GHz along with €,, =6.432, Aa/dB cm™'=4.29X%
1073 p/mW cm™2, where p 1s the controlling irradiance, and
ay/dB cm™! = 6x10>- -f/GHz+1.3x1073-(f/GHz)* [11].
The resultant (theoretical) reflection spectra associated with the
two specific excitation conditions stated below are presented in
Fig. 5.

III. DEsiGN or SiLicoN CPW AND FiBER BUNDLE ARRAY

The test CPW consists of a silicon substrate measuring 2.54
cm X 2.54 cm X 0.05 cm with a gold metallization of about 7 um
thickness. The substrate parameters are relative permittivity

=11.7, dark conductivity o= 25x107% (Q cm)™Y; carrier
moblhty (p, +p,)=2100 cm*/Vs, carrier lifetime 7=1 us,
ambipolar diffusion length L, =47 pm, surface recombination
velocity v, =2X 10° cm /s, surface reflectivity R =0.30, and
" peak photosensmwty wavelength A =860 nm, all quoted from
the manufacturer’s specification sheet.

The fiber bundle array is positioned in such a way that its
light-emitting . stacked-fiber region touches the surface of the
CPW. Although actually composed of various materials of finite
extent (with Plexiglas housing e, =2.59, fiber €, =3.78, and
epoxy resin €, = 3.78), the molding head is assumed to fill the
total half-space above the CPW, taking account of an equivalent
mixed-dielectric head permittivity of e,, =3.30 [11]. Since the
effects of upper half-space dielectric loading and substrate pho-
toexcitation can easily be studied (and incorporated into the
dimensional design of Si CPW) by means of an equivalent CPW
configuration of infinite substrate thickness and zero metalliza-
tion thickness, this method is utilized here for the calculation of
characteristic impedance Z; [10] and optically induced attenua-
tion constant [8]. Following this concept, the given substrate
permittivity is changed into an equivalent (infinite-substrate)
value, namely e,, =9.564 in the present case [11]. From this,

,o=6.432 has been obtained according to e,,=(e,, +¢€,,)/2,
which finally yields both the effective and the actual aspect ratio
k,=04559 and k=0.4356, respectively, for Z,=50 Q [10],
where k=8 /(S +2W ) with strip width S and slot width W (Fig.
1(a)). Referring to the conductor dimensions of the CPW-to-
coaxial adapters used (SMA) and taking account of the intent to
ensure the required uniform photoexcitation of the groove sec-
tions through multiple-fiber illumination, § = 710 wm along with
W = 460 wm has been considered most suitable.

Further, substituting the radiation absorption coefficient o, =
700 cm~! associated with 840 nm excitation of silicon, the
theory of photoinduced losses in Si CPW [8] yields an effective
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(a)

(b)

Fig. 4. Detailed illustrations of (a) actual fiber stacking and shape of
aperture and (b) typical boundary between two -adjoining apertures
(which were differently activated for picture-taking purposes).

photoconductivity Ao, /(Qem)™'=10"*p/mW cm™?, effec-
tive and normalized plasma penetration depths d, = 66 um and
5 =0.186, respectively [12], and a plasma filling fraction g, =
0.130, where g, is identical to the term s /K -used in {8]. Finally,
by mcorporatlng the dielectric (semiconductor) filling fraction
q. = 0.50, one obtains Aa as mentioned in Section II.
The controlling radiation is guided through a shape-changing

fiber bundle configuration which comprises six subbundles, each

coupled to a 50 mW LED (Hitachi HLP 50 RC, A =834 --- 854
nm) via 800 individual step-index fibers used in parallel. At their
output ends, the subbundles are split, stacked, and potted in an
epoxy resin molding such that a twin-stripe multilayer fiber
bundle array of stripe width W =470 pm, spacing S =700 wm,
and 20.25 mm total length 1s created (Fig. 1(b)) Owing to
W< W and S > S the light-emitting area slightly overlaps the
CPW slot region for the purpose of casier moldlng head adjust-
ment. Differing from the arrangement sketched in Fig. 1, the
stripe spacing has been realized by a Plexiglas filling to achieve
better stability and homogeneity of the dielectric loading.

The array-internal assignment of the individual fibers to the
six LED’$ has been accomplished in accordance with the specific
fiber-feeding scheme illustrated in Fig. 2. According to the
actual array configuration, where 15 equal-sized stacked-fiber
regions (Fig. 4(a)) have been lined up to form a stripe, the
sketched arrangement exhibits 2 X 15 areas, each labeled with a
numeral from 1 through 6 which indicates the feeding LED. For
instance, the light transfer from LED 1 to the corresponding
apertures is illustrated in Fig. 2 as well. Areas marked with a d
represent those regions which normally remain dark, but, never-
theless, contain a stacked-fiber filling to avoid (permanent)
periodic modulation of permittivity within the molding head.
Since both stripes are equally composed and fed, the Si CPW is
operated under symmetric twin-siot excitation.

The length L, of the light-emitting apertures has been chosen

~as 1.35 mm so as to give center frequencies of about 11 GHz

and 22 GHz, respectively. Hence, for example, an 11 GHz
excitation profile of period A, can be obtained with LED’s 1, 2,
4, and 5 in the on state (N=4, n=0, [, =1, =2L,, Fig. 2(b)),
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Fig. 5. Measured and calculated reflection spectra: (a) [Ty 4(f)} with
fo=11 GHz and (b) |Tyx(f)| with f,=22 GHz. The incident CW
irradiance was p =110 mW /cm?.

whereas a 22 GHz excitation profile of period A, results from
LED’s 1, 3, 4, and 6 powered (N=8, n=0, [, =1, = L,, Fig.
2(c)). Further, the device is capable of generating another 11
GHz grating with LED’s 2, 3, 5, and 6 powered, thereby exhibit-
ing a DBR characteristic with phase quadrature relative to the
1-2-4-5-excited one. Also, 11 GHz gratings (N =4, n =1) with
0°, 90°, or 180° DBR phase shift can be induced by activating
LED’s 1+4,2+35, or 3+ 6. Thus, fiber-optically controlled phase
shift keying is possible.

Fig. 3 shows a partial photograph of the fiber bundle array
realized, just generating a symmetric twin-stripe illumination
pattern for (a) 11 GHz and (b) 22 GHz. Fig. 4 illustrates in
detail the actual fiber stacking and the shape of (a) one of the
apertures comprising 200 individual fibers nominally, as well as
(b) the boundary between two (differently activated) adjoining
apertures. In place, the homogeneity of light emission is injured,
obviously due to fiber breakage.

IV. ResuLts aNDp Discussion

Measurements of the light-induced 11 GHz and 22 GHz DBR
spectra were performed by means of an automatic vector net-
work analyzer (Wiltron 360+ 3621 A, 0.04-40 GHz) operated in
the gating mode, thereby eliminating the effects of imperfect
adapters. In the other cases the experimental results were
obtained from a vector subtraction procedure as described in [6].
As the actually usable length of the test CPW was only
20.25 mm, the fiber-optically controlled change of center fre-
quency could only be carried out with N =4 and N = 8§, respec-
tively. Thus, the experimental results reported here may only be
considered a verification of the principle of operation. Owing to
separate driver circuits, the currents through the LED’s could
individually be adjusted in order to produce a measured quasi-
homogeneous irradiance of 110 mW /cm? [11].

As a result, Fig. 5 shows the measured reflection spectra
[T 4(f) with fc =11 GHz (a) and [T, o(f)| with f, =22 GHz (b).
For comparison, the computed reflection spectra (Section II) in
the case of perfectly matched termination [6] have been recorded
in Fig. 5 as well. It is seen that, in practice, a slight shift of
center frequency with respect to the nominal value occurs. This
is presumed to arise from the fact that, although the condition
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N > 1is not fulfilled here, the design of the fiber bundle array
(I},1,,Ly) has been based on (2) and (3); in addition, the
theoretical €,, value used can only approximately describe the
actual CPW arrangement. Concerning the absolute magnitude
of light-induced reflection coefficient, Fig. 5 obviously exhibits
good agreement between theoretical and experimental results,
thereby verifying the abrupt-profile DBR analysis [5] and, in
particular, the theory of optically CW-induced losses in a semi-
conductor CPW [8].

V. CoNcLUDING REMARKS

In this paper, the design and experimental investigation of the
first prototype of a fiber-optically controlled DBR Si CPW
microwave filter have been reported. As the fabrication of the
fiber bundle array was anticipated (and, indeed, has been con-
firmed) to be very complicated, the specific dimensions W, and
Ly of the light-emitting apertures have been chosen to be
relatively large, so as to reduce the effects of stacking tolerances
and misalignment of the individual apertures. Thus, a quasi-
abrupt grating profile of piecewise-uniform photoconductivity
was generated through multiple-fiber illumination. Of course,
such a “large-area” photoexcitation (0.64 mm? area of aperture)
was attended with low irradiance in this case, considering the
optical power available, which resulted in very small stopband
reflection coefficients not exceeding 4%. Much better efficiency
(and better selectivity as well) could be attained from asymmet-
ric excitation profiles (n = 1,2, - - - [6], [13]) along with small-area
apertures. This, however, would require more experience in the
fabrication of pattern-controlled fiber bundle arrays.

Provided that a mature stacking technique is available, it
should be possible to realize much smaller apertures with L,
and A ranging from 200 pum to 600 um (along with correspond-
ingly reduced CPW dimensions), thereby increasing the number
of grating elements to N =20 ---40 across an acceptable total
length of 10 ---20 mm. This, in conclusion, would considerably
improve the DBR efficiency and selectivity [13], clearly without
the need for higher optical power. Hence, the method of peri-
odic-structure photoexcitation could be extended to the millime-
ter-wave range and, consequently, would open the interesting
potential of novel millimeter-wave integrated circuit applica-
tions.

Moreover, it has been demonstrated from a numerical opti-
mization of the reflection and selectivity characteristics with
respect to N, n, and p [13] that optimized LED-induced DBR
filters are capable of producing a reflection—selectivity product
RSP! of about 15---25 and thus are certainly comparable to
dielectric permanent grating structures. (See, for example, the
inverted-strip dielectric waveguide band-reject filter [1] with
N =30 and n =1 which exhibits 500 MHz bandwidth at 15.55
GHz center frequency along with 1.5 dB grating return loss,
yielding RSP = 26.)

Finally, a more futuristic idea is to operate the Si CPW under
single-slot photoexcitation together with single-fiber illumina-
tion where the two array stripes are differently fed (each associ-
ated with different center frequencies for multiple changeover)
and the light-emitting aperture per grating element has reduced
to the core cross section of a single fiber. In this case, assuming
sufficiently low carrier lifetimes, a symmetric-profile photoexci-
tation (n = 0) would result in a quasi-sinusoidal distribution of
photoconductivity, which clearly implies a modification of the
theory used so far. Corresponding investigations are currently in
progress.

RSP is the product of the maximum reflection coefficient at center
frequency and the reciprocal of the relative bandwidth.
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Determination of Intrinsic FET Parameters
Using Circuit Partitioning Approach

Hans-Olof Vickes

Abstract —A technique useful in extracting intrinsic parameters for a
compound semiconductor FET is presented. The technique makes use of
a method provided by Dambrine ef al. [8]. A modified active circuit that
accounts for charge accumulation in the conducting channel is pre-
sented. The model has the further advantage of using control voltage
modeling in agreement with the Curtice convention for large-signal
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Fig. 1. Active FET model with control voltage modeled over the total
C,,— R, combination (after Curtice [10]). The current source is modeled
with a linear transconductance, g,,, and an associated transit time
delay, 7

analysis. The equations are presented for each active element as a
function of the intrinsic y parameters. Measurements verify the param-
eter extraction technique with the circuit topology used and show good
results.

1. INTRODUCTION

A physically based small-signal equivalent circuit of a field-
effect transistor is very useful in the development of new circuit
design guidelines for both microwave and digital GaAs inte-
grated circuits. Such a model is usually obtained by optimizing
the component values to closely fit the small-signal microwave
scattering parameters for the device in question. However, this
circuit parameter determination technique is old-fashioned and
is not advisable because it has several drawbacks:

i) The unduly large number of variables for the optimization
algorithm (likelihood of stopping at a local minimum).

i) Several resulting element values become dependent upon
optimization.

Thus, using this technique we can obtain a physically invalid
circuit [1].

To overcome these difficulties appropriate decomposition
schemes should be considered. Important contributions with
special relevance to microwave decomposition can be found in
[2]-{8]. The method developed by Dambrine et al. [8] seems to
be the most powerful measurement technique yet described.

The objective of this paper is to exploit the above method of
extraction of the intrinsic y parameters for a better understand-
ing of the high-frequency performance of compound semicon-
ductor FET’s. Thus, by using simple matrix manipulations, the
intrinsic matrix is determined. Here we further develop and
refine the intrinsic FET description. In addition, we use a
symmetrical T network to model the coplanar waveguide with
lower ground plane (CPWG) at the input and output terminals
of the device in question. In this manner, we can show how an
accurate FET equivalent circuit topology is used to generate
high-frequency equivalent circuits for compound semiconductor
FET’s.

II. ANALYSIS

The measurement technique of the extrinsic elements consti-
tutes a key point in the paper by Dambrine et al. [8] and is
clearly explained. Therefore, in this paper we focus on the
intrinsic FET description. To examine the small-signal intrinsic
y parameters of compound semiconductor FET’s, we use the
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