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Abstract — A novel method for frequency conversion using
a transmission line on a semiconductor substrate has been
presented. Laser pulses move along the transmission line as
generating an electron-hole plasma at the surface of the
semiconductor substrate. The plasma in the transmission line
acls as a moving short with a relativistic velocity, reflecting
an incident microwave and up-shifting the frequency
through the double Doppler effect. Power and energy
conversion efficiencies have been theoretically analyzed for
the frequency conversion. The results have shown that the
converter can be used to produce short millimeter and
submillimeter waves.

I. INTRODUCTION

Frequency conversion with the Doppler shift is one of

ideal methods to generate high frequency electromagnetic
waves with high power, because it can achieve high
frequency conversion ratios with high efficiency in an
extremely wide frequency range. For this type of
frequency conversion, some reflectors which move at a
relativistic speed are required. Since it is difficult in
practice to realize such reflectors, its applications have
been strongly limited to high-energy electron beam
devices such as free ¢lectron lasers. ]

In this paper, a novel method of frequency conversion
using an optically generaled plasma in semlconductors as
a moving reflector is presented.

1. CONFIGURATION OF THE FREQUENCY CONVERTER

Figure 1 shows the schematic diagram of the frequency
converter proposed in this paper. This converter consists
of an optical delay line, a transmission line with a
semiconductor substrate, and a frequency filter. The
transmission line is supposed to be one of microwave
transmission lines including coplanar waveguides, slot
lines, and fined or ridged waveguides. We will call it
TLFC (transmission line type frequency converter) for
short.

In the TLFC, laser pulses travel along a transmission
line as generating an electron-hole plasma at the surface
of the semiconductor substrate. Since the process of
optical excitation of free carriers in semiconductors is
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Fig. 1  Schematic drawing of the frequency upconverter using
an optically generated plasma in a semiconductor substrate of a
transmission line.
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extremely fast, the plasma boundary moves with the laser
pulse at a velocity v without a notable delay. The moving
plasma boundary reflects an incident wave, shifting its
frequency @ into a higher one @, through the double
Doppler effect. The frequency ratio F, is given by

Fo=alo=0+8)1-5) )

where & = viv, f = v/v,, and v; and v, are the phase
velacities of the incident and reflected waves, respectively.
Since v and v, can be adjusted by choosing the line
configurations, high F, over 10 are easily achievable.

In the TLFC, the optically generated plasma itself is
stationary and only its boundary moves. Lampe et al.
theoreticaily analyzed wave reflection at a moving
boundary of a stationary plasma in an isotropic medium
(free space) [1]. The Lamp’s theory has been applied for
the TLFC to assess its feasibility. The results have shown
that the frequency of the reflected wave is up-shifted at
the ratio given by Eq. (1), but its amplitude is not
amplified. An energy conversion efficiency 7 in the
TLFC thus is decreased by 1/F, due to time compression
for a duration of the reflected pulse. This is different from
the case of actually moving plasma in which 7y increases
by F, times.

The energy loss in TLFCs, however, does not depend
on the operation frequencies, thus =10 % for F,= 10
can be achieved even at submillimeter wave frequencies
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in principle. In addition, TLFCs are highly tunable
because any resonator is not required for frequency
conversion.

II1. THEORY

A. Propagation constanis

To simplify the analysis, the following assumptions
have been made for the transmission line; (a) a TEMy-
mode transmission, (b} dispersionless, (c) no propagation
loss except for rf-loss associated with an optically
generated plasma, (d) a constant shunt conductance per a
unit length, G, with the plasma, and (e) an abrupt plasma
boundary compared to the wavelengths of all
electromagnetic waves in the transmission line.

Referring to Fig. 1, the plasma (reflection) front moves
at a relativistic velocity in the +z-direction. Therefore, a
conduction current in the plasma is left behind the
reflection front, causing rf-loss. In order to take the loss
into account, the analysis has been curried out in the
moving reflection front frame {the “front frame™),

The differential equations for the transmission line in
the front frame is given by

v e a_ w0 "
dz ot oz or
where V is a voltage, [ is a current, I is the conduction
current in the plasma, ® and ¢ are the magnetic flux and
the electric charge for a unit length, respectively, '
In the front frame, the transmission line inctuding the
semiconductor substrate moves at the velocity v in the —z-
direction, and only the boundary is stationary. Therefore,
I changes depending on position, z, as well as time, 1, so
that the differential equation for I;; is given by
ol _y oI,
or dz
In the laboratory frame, @*=L*I* and Q*=C*V* are
valid, but in the front frame, ¢#LI and O#CV due to an
anisotropy in the moving transmission line [2], where L is
the inductance per a unit length and C is the capacitance
per a unit length, and asterisks denote quantities in the
laboratory frame. The relations between @ and [, Q and V
-in the moving transmission line are as follows;

= jaG(V —v®) 3

v * v -
O-V=L{U-v2), Q-—I=C(F-v@) (4
c c
where ¢ is the velocity of electromagnetic waves in free
space. From Eq. (4), we obtain the following relations,

. 11 _
D=y Sy LI-v|—-— |V (5
vz ¢

0 =y:{rc'v —v(i,—i,ji} ®
v [

v, =UNLC, y=U1-8, y =1/ 1-5,
B =viv

Assuming spatial and temporal dependence, exp(far+kz),
Eqgs. (2)(6) lead to the dispersion relation

K Al
Lol 271

Solving this equation, we obtain three waves,

where

| f=vic,

k., =wlv (8}

'S :ﬂy: [—ﬁ——ﬂp t
v, L8

»

where A(G) =

The first wave component, (Vg, Ig) explj(ex+kgz)], in
the front frame is Lorentz-transformed to (VG'=0, I'=
15/ exp(jkg'z") in the laboratory frame. I is the current
left in the plasma region and is consumed as heat in the
plasma.

In Eq. (9), k" and Kk are the propagation constants for
the waves of travel in the —z and +z directions,
respectively. These propagation constants are consistent
with Lampe’s ones for v,=c. When v=0, k" and k™ agree
with propagation constants in conventional transmission
lings. It should be noted that A(G) is rewritten and is
approximately given by

(10)

where G is the shunt conductance in the laboratory frame.
Eq. (10) indicates that the loss term is determined by the
output frequency @ of the reflecied wave.

B. Conversion efficiencies

The amplitudes of the waves shown in Fig. 2 have been
determined by using the boundary conditions,

V.+V =V +V, (11-a)
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[ -1 =1+, (11°b)
of o o
_1 a_:__-_+a_]fr‘_ (11-c)
9z dz 9z 9z

The third condition has been introduced to determine
three unknown amplitudes, ie., V,, V,, and V. In Egs.
{11), the relations between V and I, V and 0/9z are given
by V=ZI and oldz=jkViZ, where the characteristic
impedances Z are

7, =2,=NLIC,Z,=Z,/AG), Z,=+L
The solutions of Eqs. (11) for the reflectance I is

vV 1-42Z-Z
]"=_’:.__é"__3___1. (12)
V., 1+8, 2 +Z-

i

The power reflectance is also given by

(AP

£ 1+4,

(13)

where T'—(Z>-Z)W(Zy+Z;) which is almost the same as the
reflectance for a stationary sharp plasma front when the
plasma density is high enough to be G &C’%%/¥, and
thus Ty ~ -1.

The expressions of Egs. {12) and (13) are the same as
Lampe’s ones, except for a change of gfor f,. Therefore,
the discussion on the power and energy conversion
efficiencies in the laboratory frame is the same as
Lampe’s ones. We write down these expressions;

F=w/o=117=0+8)0-8) (4

i r

M =L =—ror=s (15)
W' e W F

P W .

7, == =—==|r | (16)
PoW

where 7° and 7 are the durations of the incident and
reflected pulses respectively, W stands for energy and P
for power, 7w is the energy conversion efficiency and T
is the power conversion efficiency.

As seen from Eq, (15), the frequency conversion in
TLFCs involves energy loss due to the reduction of the
time duration of the reflected pulse. It should be noted that
the energy loss depends not on the operation frequencies
themselves, but on the frequency conversion ratio, F,.

C. Wave matrix

For calculation of 7" in TLFCs with multiple
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Fig.2  Waves at the plasma boundary Z; and Z, are the

characteristic impedances of the transmission lines with and
without the plasma, respectively.
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Waves in the multiple boundaries.

Fig. 3

boundaries, a wave matrix has been derived. Referring to

Fig. 3, _
A v’
o D MliszaMza '''' Mna _ (17-2)
4 v,
l_ﬂuAm Z..+Zm-1 1+ﬂA Zm_zm—l
_|1mAAL 22 1-BAL 22 gy
" | 1-BA z -z V+BA Z+Z_
1+8A, . 2Z, 1+8A,., 22,
eik;,z 0
M, = Jorm=1,2, ... .n (17-¢)
0 Hm

where A,=A(Gn} and Z,=Z/An.

The wave matrix in Eqgs. (17) is similar to the one
calculated by Tsai er al. for multiple boundaries of
diclectric media in the laboratory frame [3], but in our
case the conductive media in the front frame.

IV. SIMULATION RESULTS

Figure 4 shows one of possible TLFC conﬁguranons
For this converter, the power conversion efficiencies ne
have been calculated using the formulas derived in Sec, 111,
The simulation has focused on the dependence of s on
the shunt conductance G and its spatial distribution at the
boundary, so that a propagation loss and a frequency
dispersion in the coplanar waveguide have been ignored.
In the calculation, the following parameters were used;
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Fig.4 A possible TLFC configuration using a coplanar
waveguide,

for the coplanar waveguide;
Zg= 50 Q, v;=c/2.57, C'(=1/Zw,}=171 pF/m, and
the gap 4,=35 pm between the metal lines

for the laser beam;
the wavelength = 532 nm, a penetration depth
d,=2.4 um (in 8i)

In the calculation, the spatial distribution N(z) of the
plasma density at the boundary was given by assuming
excitation with a Gaussian laser pulse,

N(z)= n;erf(\/iz / vt;)

where n,’ is the maximum carrier density and ¢, is the
laser pulse width in the laboratory frame. The shunt
conductance G(z) has been determined for the plasma
density N(z) using the relation, G(z)=eN(z) (ttih)dyid,,
where e is the electron charge, g, and f4 are the mobility
of electron and hole, respectively, In the simulation, the
plasma boundary having the spatial distribution N(z) has
been treated as a series of abrupt interfaces between short
transmission lines where G are constant. np° was
calculated using the wave matrix in Eq. {17).

The simulation results for F,=10 (v=c/3.14) are shown
in Figs. § and 6. As seen from the results, np' changes
strongly depending on n; and t,,*. For np* =10*/em’ and
t; = 2 psec, 77» =0.8 at f=1 THz. The energy conversion
efficiency thus is 8 %. The plasma density of 10*'/cm’®
corresponds to a laser energy of 1 mJ for an interaction
length of [ ¢m between the plasma and the incident wave,

Similar calculations have been done for different F, of
2G and 30 in the same output frequency range. The
calculated results have been almost the same as the ones
shown in Figs. 5 and 6 for F, =10, as described for Eq.
(10). It is a significant feature of the TLFC.

V. CONCLUSION

The Doppler shifts of microwaves reflected from a
moving plasma boundary generated optically in a

transmission line has been analyzed theoretically. The
results have suggested that this method for frequency
conversion could be used to generate short millimeter and
submillimeter waves with a high efficiency.
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Fig. 6 Calculated np' vs. the laser pulse width rp* for F, =10 at
f=1THz.
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