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Short Papers

Efficient Optical Control of Millimeter Waves in a Slot Y
Line on Semiconductor Plasma Substrate

S. K. Dana, H. Shimasaki, and M. Tsutsumi

Abstract—Efficient control of millimeter-waves in a slot line on an Si Conductor wl ¢

and GaAs substrate is discussed both theoretically and experimentally. \ |-—————| Air
The spectral-domain method is used to estimate the propagation and t @ 1t r s rsry) e 2
the attenuation constants in the slot line with the density of the optically Plasma
induced plasma as a parameter. Experiments in the millimeter-wave range t-t P
of 35-50 GHz are carried out using high-resistivity Si and GaAs wafers Semiconductor
with the dimension of 15 mm x 30 mm X 600 p«m. The slot-width could A

be varied from 0.5 to 2 mm. The attenuation of millimeter waves by over y=0 & Air
20 dB can be controlled by optical means using light-emitting diodes with 7 X

870-nm wavelength and 68-mW optical power. The experimental results
agree considerably well with the theory. The response of millimeter waves
with pulsed optical illumination is also examined using a high-power laser
diode of 20-W optical power and a pulsewidth less than 100 ns. High-speed
response due to optically induced plasma is confirmed for the slot line on
GaAs substrate. wheree, is the dielectric constant of the host lattieg,is the collision

Index Terms—GaAs, millimeter waves, optical control, Si, slot line, solid- frequencyy is the radlan frequency of the millimeter wave, and is
state plasma. the plasma frequency given by

Fig. 1. Geometry of the slot line with optically induced plasma.

2
I. INTRODUCTION wy; = Npiq* (2)
€0 771i
When photons with energy higher than the bandgap illuminates high-

resistivity semiconductors such as silicon (Si) and gallium arsenidéierem; is the effective mass of electron/hole ani$ the electronic
(GaAs), solid-state plasma is induced in the semiconductor. The dielebarge o is the free-space permittivity, amll, is the density of the
tric constant of the optically illuminated semiconductor takes the corplasma excited by optical illumination. The imaginary part in (1) gov-
plex form at microwave and millimeter-wave frequencies, and this canns the millimeter-wave attenuation at low optical power. Thus, optical
be useful in the design of optically controlled millimeter-wave phasgontrol of millimeter waves is characterized by attenuation of the wave.
shifters and attenuators, etc. [1]-[5]. With those applications in mind@ihe dispersion relation of the slot line is calculated by using the spec-
the optical control of millimeter waves using optically induced plasmi@al-domain method [9]. All the field quantities are transformed into the
waveguides has been studied by the authors, but the efficiency of &purier domain, as given by
tical control defined by the ratio of the attenuation of millimeter waves

to the applied optical power is low, and it is about 2 dB/100 mW in the o oo JKox
waveguides such as image line, rib guide [6], &hdjuide [7]. Fly) = / Fle)e’™ " du. ®)

This paper treats the optical control of millimeter waves in a slot
line on optically induced plasma substrate in Si and GaAs wafers [8lhe Fourier-transformed Helmholtz equation is given by
Theoretical and experimental results on the efficient optical control are
discussed. 9 O\ - ) -

< 5 ) Yv+E =0 (4)
Il. THEORY

The geometry of the slot line is shown in Fig. 1. It consists of a slot #fhered is the scalar potentials in the Fourler domdify, is the trans-

width W on a semiconductor substrate of thicknesghe loss factor of form variable in thee-direction, andk® = w? . Here, the propaga-

the substratean § is neglected. The slot region is illuminated by lightfion constant3 is a complex quantity represented By= 8- ja
Optically induced plasma is assumed with thickngsand of infinite  because of the complex form of dielectric constant in (1). The solution
extentin the transverse direction. Equivalent dielectric constant of tAkHelmholtz equation in each region of the line gives the scalar poten-
unknown coefficients are obtained. By imposing appropriate boundary
“"1231 v ) conditions at each interface, the algebraic equations are obtained in the
€=¢€s — Z Yl (1 -I-J;) =€r —J€1 (1) matrix form given by
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Fig. 3. Geometry of the slot line in the experiment.

Fig. 2. Attenuation constanty for the slot line with the plasma

density-thickness product as a parameter. $11(-20 dB)
0%_
mittance functions for the slot line. The electric fields in the slot are - S
: o ) ; . £ 21 (a)
expressed as the series expansions in terms of basis functions given by g 10 bt -”"\./m\/
. ! . . o E P vnde 1 NoATTN T N
E,. = Z(LZ’En(IfI) E. = szEm(I{r) (6) E_ "’V‘":qﬂ —”""A"‘Nf\(c)
i=1 i=1 ‘é_ 220 7 o, vy )
wherea; andb; are unknown coefficients. The electric-field basis func- g /; - N (e)
tions are assumed to be as follows: 30 an = -~
- N
cos |:2(i — 1)ﬂ;lf:| s |:2i7r:1;:| W ity
i v 33 50
! A E.i(x)= " Frequency (GHz)

Ea:i(l') =

Fig. 4. Optical control of millimeter-wave propagation with seven LEDs;
optical power of: (a) 0: dark state, (b) 18 mW, (c) 31 mWw, (d) 46 mWw,
(e) 61 mW, and (f) 68 mW.

Substituting (6) and (7) in (5) and using the scalar product with the

electric-field basis functions with both sides of (5) followed by inte- Si or GaA for. T ite millimet in the
gration overk’, yields the characteristic equation. The dispersion rel§h @n St or s waler. 10 excite mifimeter waves in the frequency

tion is calculated numerically from the characteristic equation. The nrg_nge of 35__50 GHZE,, waveguide tran§|t|on was used_by o_rler_mng
merical calculation is carried out for a structure with electric sidewaIL e waveguide orthogonally.to the .S|.Ot “n.e' as shown n this flgqre.
separated by a distan2é so that the Fourier integrals can be replace _|ghtfrom anarray of seven light emlt_tlng dlpdes (LED.S) with an emis-
by discrete Fourier transforms withi, = n=«/L, wheren is an in- sion wav_elength of 87.0 nm was applied to induce optical plasma in an
Siwafer in the slot region. The length of the LED array was 36 mm and

teger [9]. The parameter values used in the calculation.ate 11.9, . . - k .
t, = 20um, ¢ = 600 ;m, and the number of basis functions in thethe slot line used in the experiment was 30-mm long; thus, the slot line

expansions of electric field components in (6Yis: J = 3 was fully illuminated across its length. The experimental results on op-
It is observed from dispersion curves that the real part of ﬂfié:.al control.ofmiIIimeter-wayg amplitude is shown ".1 Fig. 4. High-ef-
propagation constant is not sensitive to the optical illumination iciency optical control of millimeter-wave propagation was achieved

but the imaginary part of the propagation constantas shown in in this structure. A maximum attenuation of more than 20 dB by ap-
Fig. 2, varies significantly in the range of applied optical power. Thu

glying 68 mW of total optical power was obtained with a wide-fre-
millimeter-wave propagation can be controlled by the loss proper

ency response in the slot line on an Si substrate. This corresponds to
of the plasma. By comparing with the attenuation constants in image efficiency of optical control of over 25 dB/100 mW. However, mea-
line, rib, andH -guide, it is noted that the attenuation constant of th

ured insertion loss was about 10 dB in our setup in the dark state. The
slot line (0.4 Np/mm) is a few times larger fo¢,t, = 10'7 /m? [6],

transition loss from the waveguide to the slot line may be minimized
[7]. This is due to the high concentration of electric field at the sloqy using another excitation method such as a nonradiative dielectric
region where the density of optically induced plasma is also hig

aveguide [10] and finline [11]. A maximum attenuation of a wave by
causing efficient interaction between them. Thus, high-efficienc dB/cm could be read from Fig. 4, which corresponds w/at), value
optical control of millimeter waves can be expected in a slot-lin

f10'° /m? in the dispersion curve of Fig. 2. This value®jt, is few
configuration. In this paper, the complex propagation constant

times less than that in other waveguides reported previously [6], [7].
been calculated directly using the spectral-domain method. The r ars: the slot-line configuration on an Si substrate as proposed here
and imaginary parts of the propagation constant obtained here njag”

y find application in the optical control of millimeter-wave attenua-
not be consistent with the result from the Hilbert transform, which hég S over a wide frequency range using weak optical illumination. Itis
been effective for the estimation of input impedance of the antenna. .

noted that, in the experiments, plasma was created only in the slot re-
gion, butin the model of the slot line in our calculation, uniform plasma
density was assumed in the transverse direction. As the electromagnetic
field of the millimeter wave is concentrated in the slot and decreases

A slot line was fabricated on a high-resistivity Si or GaAs substrateharply away from the slot region, the experimental results for uniform
as shown in Fig. 3. The slot-widily’ could be varied from 0.5 to 2 mm optical illumination will not be different from our experiment.

I1l. EXPERIMENTAL RESULTS



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 1, JANUARY 2002 209

70
60

50
40

30

Modulation index (%)

10K+ Time (100 ns/div.) €

Fig. 7. Millimeter-wave time response for high-power short optical pulse
00 10 20 30 40 50 60 70 80 90 100 in GaAs substrate. (a) Optical pulse (from laser drive current): 2 V/div.
(b) Response of millimeter wave: 5 mV/div.
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Fig. 5. Pulsed optical response of millimeter wave on Si for two optical input 80
powers.
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Fig. 8. Modulation index of millimeter wave versus optical power for Si and
GaAs substrate.

Time (500 ns/div.) «—>
Fig. 6. Millimeter-wave time response for a high-power short optical pulse ffder of 10°° s [12]. The modulation index of millimeter waves due to
an Si substrate. (a) Optical pulse (from laser drive current): 5 V/div. (b) Respor@etically induced plasma using a short high-power pulse was measured
of millimeter wave: 10 mV/div. for both Si and GaAs and is shown in Fig. 8. A maximum modulation
) ) - index of 20% was achieved for a GaAs substrate by applying 20 W of

Next, the time response of optical control of millimeter waves gfytical power with a pulsewidth of 100 ns. The modulation index of
40 GHz in the slot line was examined by illuminating with an Opge mjjlimeter wave due to optical illumination was insufficient for a
tical pulse from an array of seven LEDs. The pulsewidth was varigsh, A supstrate. This is due to the mismatch between the optical wave-

from 500 ns to 10Q:s for two different optical powers. The result isjengih ysed in the experiment and the optimum wavelength required
shown in Fig. 5. It was generally observed that the rise time of the mjj;, plasma creation in GaAs.

limeter-wave response was less than/@s1but the fall time was larger
than a few tenths of microseconds. The large fall time is due to the
long relaxation time of optical plasma created in the Si material. The
modulation index of the millimeter wave due to optical illumination at- An efficient optical control of millimeter waves in a slot line on an
tained saturation when the pulsewidth wasg.25vith optical power of Si and GaAs substrate was discussed both theoretically and experimen-
95 mW, but for optical power of 37 mW, the modulation index saturatddlly. The spectral-domain method was used for calculating phase and
when the pulsewidth was 3. This is due to the fact that the rise timeattenuation constants with optically induced plasma density as a pa-
of the millimeter-wave response decreases as the optical power of tameter. Experiments were undertakerfJaband using a high-resis-
pulse is increased, but the fall time increases with the optical power atidity Si and GaAs substrate with the dimension of 15 mr80 mmx
therefore, the saturation characteristics in the output millimeter-wa680 xm and slot-width in the range of 0.5 to 2 mm. An attenuation of
response vary with the optical power of the pulse. more than 20 dB could be controlled optically with 68 mW of optical
In the next step, we used a high-power laser with output power mgrewer from LEDs at 870 nm. The plasma density-thickness product
than 20 W and a pulsewidth less than 100 ns with wavelength of 870 @inl0'° /m® was estimated both theoretically and experimentally. The
to control millimeter-wave propagation in the slot line. The responspeed of the optical response was examined for both an Si and GaAs
of the millimeter wave at 40 GHz due to a high-power pulsed laser $sibstrate using a high-power pulsed laser with more than 20 W of op-
shown in Fig. 6. A fast rise time of the output, i.e., less than 50 ns, wt&al power and less than 100-ns pulsewidth. High-speed response with
observed with more than s of fall time, thus, the optical control of a modulation index of 20% was observed by applying 20 W of optical
the millimeter wave is slow. power with the pulsewidth of less than 100 ns. The efficient optical
To overcome the slow response time in the Si substrate, a slot lineagmtrol in the slot line has much potential in the design of optically con-
GaAs was tested using the same high power laser. The result is sh&Hed millimeter-wave attenuators and amplitude shift-keying (ASK)
in Fig. 7. In this case, the response was observed to be similar to thedulators at a millimeter-wave band that may replace Schottky diodes
laser drive current. The full width at half maximum (FWHM) of both ofcurrently used.
the laser—current pulse and the output millimeter-wave response were
about 90 ns, as shown in the figure. Thus, high-speed response of opti- REFERENCES
ca_lllyinduced plasmawas_comfirmed f_oraslotline onaGaAs §ubs_trat 1] C. H. Lee, P. S. Mak, and A. P. DeFonzo, “Optical control of mil-
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Currently, off-chip passive filters, such as surface acoustic-wave
(SAW) filters or ceramic filters, are used for image rejection. Recent
work has shown, however, that it is possible to integrate the image
filter on-chip using either an image-reject mixer [3], [4] or with the use
of an image-reject notch filter [5]—[7] It is also typical to use off-chip
VCOs or VCOs with off-chip resonators due to the Iawvef on-chip
inductors. These filters and VCOs represent the major impediment to
raising the level of integration of wireless radios since they cannot be

John W. M. Rogers, José A. Macedo, and Calvin Plett easil_y implemented monolithically. They also represent a significant
fraction of the overall cost of the receiver front-end.
To avoid the cost and complexity of going off-chip between indi-

Abstract—A 1.9-GHz monolithic superheterodyne receiver front-end Vidually packaged components, it is desirable to integrate as many
with 300-MHz IF on-chip tunable image-reject filter and voltage-con- components as possible. Previously it has been shown that it is pos-
;;%”ﬁgatoesddgﬁ“g évsco% if)ip:)ele?fntr?)(i.el\g(;r\:gri?rﬂsaorfefjh?orzce%?/riowuzlre sible to integrate the image filter on-chip. In this paper, the receiver
fabricated version w7i£tLh an Fc))ff-chi[:J VCO. The two \E)ersions arepidentical?/ previously present(_aq in [5] |.s expgnded to include a VCO. This work
except for the fact that the 2.2-GHz VCO was realized with and without demonstrates that it is possible to integrate a superheterodyne receiver
ground-shielded inductors. The receiver that used ground-shielded front-end (LNA, on-chip image filter, and mixer) with a VCO without
inductors had a conversion gain of 25.6 dB, a noise figure of 4.5 dB, a impacting its performance. Further, the VCO’s performance is shown

third-order input intercept point (IIP3) of —19 dBm, an image rejection of ; ; ; ;
65 dB, and a phase noise of-103 dBc/Hz at 100-kHz offset. The receiver to be improved by the use of inductors with a slotted ground shield

drew 32.5 mA from a 3-V supply and had a die area of 2.1 mmx 1.7 mm. that imprpve thei). The result of this sFudy is an RF front-end with
The local-oscillator—IF isolation improved compared to the previously No off-chip components, except for the input matching elements (only
fabricated front-end with an off-chip VCO. one series inductor).

A Completely Integrated 1.9-GHz Receiver Front-End
With Monolithic Image-Reject Filter and VCO

Index Terms—inductors, integrated circuit design, MMIC receivers,
notch filters, voltage-controlled oscillator.
Il. CIRCUIT BUILDING BLOCKS

An integrated superheterodyne receiver front-end containing an
LNA, an image-reject filter, and a mixer was previously developed

Superheterodyne receivers are state-of-the-art in mobile comnst. This receiver front-end was tested with an off-chip local oscillator
nications [1]. A superheterodyne receiver front-end consists of(BO) (implemented with an RF signal generator).
low-noise amplifier (LNA), an image filter, a mixer, and a voltage-con- The purpose of this paper is to further the integration level of the
trolled oscillator (VCO), as shown in Fig. 1. An LNA with a very low described superheterodyne receiver by integrating the VCO on-chip.
noise figure (NF) is typically required to enable the receiver to detethis then ensures the minimum number of RF pins, only one RF input

and two IF outputs (differential).
The complete schematic of the integrated receiver consisting of an

Manuscript received December 10, 2000; revised February 16, 2001. ThI¥A, @ tunable image filter, a mixer, and a VCO is shown in Fig. 2.
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