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Coplanar-Waveguide-Based Terahertz
Hot-Electron-Bolometer Mixers—Improved
Embedding Circuit Description

Paolo Focardi, Andrea Neto, and William R. McGrathember, IEEE

Abstract—Series-fed coplanar-waveguide embedding circuits ~ The prediction of the radiation pattern (up to 500 GHz) and
have been recently developed for terahertz mixers using, in resonating frequency (up to 100 GHz) for these mixer circuits
particular, superconducting devices as sensors. Although these has been found to be accurate, with respect to measurements,

mixers show promising performance, they usually also show a . R o
considerable downward shift in the resonating frequency when using a simplified network [6]. However, when the device is op-

compared with calculations using simplified models. This effect is €rated well into the terahertz regime (up to 2.5 THz), the mea-
basically caused by parasitics due to the extremely small details sured resonant frequency (i.e., frequency of the peak response

(in terms of wavelength) of the device and to the connection of the of the detector) is often significantly lower than that calculated
remaining circuitry (i.e., RF filter). In this paper, we present an ity simple models [2], [7]. This leads to significant increases

improved equivalent-network model of such devices that agrees . . . L
with measured results. We first propose a method to calculate (up to afactor of two) in mixer noise due to the reduction in cou-

the characteristic impedance and propagation constant of the Pled signal power at the desired terahertz frequency. Thus, as
coplanar waveguide, etched between two semi-infinite media, previously reported [7], the accurate characterization of the en-

which connect the receiving slot antennas to the superconducting tire mixer embedding circuit, including the parasitics associated
device. In the formulation, we take into account, for the first time, with the geometry of the device, is needed to correctly design the

the radiation power leakage. We then describe the procedure to . =~ . .
calculate the reactances due to the detailed geometry of the mixer circuit. Even though the geometry of these antennas, CPW lines,

device and circuit and we correct the input impedance, calculated and devices is relatively simple, accurately simulating their per-
with a commonly used simplified network. Finally, by comparing formance in a terahertz circuit is not a straightforward matter. To

our results with a complete set of measured data, for seven mixers the knowledge of the authors, there are no commercial software
in the range between 500 GHz-3 THz, we analyze the features ofy,s g tackle this problem. It becomes even more difficult to
our model and propose further improvements. Useful guidelines | hen the | ffect also has to be included [61. A brut
for designing terahertz mixer circuits are also given. analyze when the lens effect also has to be included [6]. ru_e
o . force approach based on a method of moments (MoM) analysis

Index Terms—Characteristic impedance, coplanar waveguide, fth I ol truct b d. but si the devi
CPW transitions, hot electron bolometer, leaky waves, slot 0_ e oyera planar structure can be used, bu sm_ce € device
antennas. dimensions can be of the order.xf/1000, the numerical effort
required for an accurate analysis becomes almost prohibitive,
even for a single antenna. In [8], a dedicated MoM scheme for
this kind of structure has been presented.

Slt_;OT antennas coupled to coplanar waveguides (CPWs) ardn this paper, an equivalent network is presented that signif-
eing developed for quasi-optical single-pixel heterodyrieantly improves the one presented in [6], though the lens ef-
detectors for use in atmospheric and astronomical instrumef#st is not included in order to concentrate attention to the feed
in the submillimeter-wave/terahertz-frequency range. Hot elegechanism. The model is improved in the sense that the radia-
tron bolometer (HEB) mixers [1], [2], for example, are oftenion leakage is accounted for in the calculation of the transmis-
used at terahertz frequencies in such circuits placed at the foglgh-line parameters. Additionally, the transition between the
of a dielectric lens [3], [4]. HEB receivers are already findin@PW and bolometer is characterized via analytically evaluated
use up to 1 THz on ground-based radiotelescopes [5], and siomped reactances. The emphasis is given to the physical inter-
ilar receivers are being developed for frequencies up to 2 Tidretation rather than to the numerical solution (as in [8]) since
for the European Space Agency (ESA)/National Aeronautigsis is what will be useful in future designs. In Section II, we
and Space Administration (NASA) Herschel Space Observatdiist briefly describe the geometry of the detectors and circuits.
mission, and up to 3 THz for NASA's Stratospheric Observatofyi Section Ill, the formulation to calculate the parameters of
for Infrared Astronomy (SOFIA) Aircraft Observatory facility. the equivalent network is then presented. First, we derive the
Manuscript received September 2, 2001; revised November 14, 2001. TRPression of the propagation constant and characteristic ad-
work was supported by a contract from the National Aeronautics and Spatittance of the CPW. These are both complex due to the fact
Administration. . . . that the propagating mode is a leaky one. Before this study, the
P. Focardi and W. R. McGrath are with the Microwave Experiment Systems . . - . .
asi-static approximations for these parameters were too in-

and Technology Section, Jet Propulsion Laboratory, California Institute gu . .
Technology, Pasadena, CA 91109 USA (e-mail: paolo.focardi@jpl.nasa.gagcurate to correctly predict the actual performance of the cir-

|I. INTRODUCTION

Wi"l'j\ameé’tT(‘)Cgi’Sa”;v(%]p'-Egsl_a?ﬁ‘g- Den Haag, The Netherands (e __jCuits under investigation. The work in [9] accounts for a com-
neto@fel.tno.nl). ' ' plex propagation constantin cpplanar Imgs. However, in [9], the.
Digital Object Identifier 10.1109/TMTT.2002.803448. attenuation was associated with losses in the conductor and di-
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electric rather than with the radiation effect, which appears tc
be dominant in the case investigated in this paper.

A recent investigation [10] presents a direct integration
method for the Green'’s function (GF) of a microstrip. In [11],
the method has been applied to slots etched between tw
semi-infinite dielectrics and provides, analytically in that case,
the GF of a gap-excited slot placed between two different
homogeneous dielectrics. Here, the procedure is extende
to CPWs in order to derive the circuit parameters mentionec
above. We then present a procedure that characterizes the stro
reactive contributions associated with the transition betweel
the bolometer and CPW. The lumped reactances we obtain a
connected to the equivalent network that represents the overe
antenna-detector circuit. This circuit is composed of the CPW
equivalent transmission lines and the active impedance of th
slots; i.e., the impedance of each of the two slots with the
mutual coupling taken into account. In Section IV, comparisofi&: 1. SEM photograph of an HEB mixer embedding circuit. The

. - . superconducting microbridge is located at the center and coupled to the
with measurements of submillimeter-wave bolometric r€gin-siot antenna via CPW lines.
ceivers show that the observed downward shift of the resonant
frequency can be explained by: 1) the reactances associated
with both the “crowding” of the RF current and the fringing
fields in the transition between the bolometer and the CP
(see Fig. 2) and 2) the phase shift caused by the imaginary pe
of the impedance of the RF band-stop filter used in the dc/l
line. Finally, in Section V, some guidelines for future designs
are provided, while in Section VI, conclusions are drawn.

Il. RECEIVER LAYOUT

The mixer circuit is located at the second focus on the bacl
side of a silicon elliptical lens. Since the reflections due to the
dielectric lens can be introduced separately, as discussed in [¢
we assume the circuit under investigation to be located at
interface between two semi-infinite half spaces (= 1 and
€2 = 11.7). The spectral response and, hence, the center fre
quency of HEB mixers with six different twin-slot antenna de-
signs, have been previously measured with a Fourier-transform
spectrometer (FTS) [7]. The antenna slot lengths ranged frdim. 2. Bolometer detail of a 2.5-THz design with a schematic representation
26 up to 152um. Fig. 1 shows a Scanning electron microscongthe electric field (dashed line) and RF current path (solid line).

(SEM) photograph of a 2.5-THz HEB mixer. The submicrom-

eter-sized HEB device (i.e., “microbridge” in this figure) is con- R

nected to the twin slot antennas via a CPW transmission line [1]. ol !

On the right-hand side, the RF band-stop filter structure (a total Zn ' ' | Z“
of eight high- and low-impedance sections were used) is Iocated._u. zﬂ i : Zu \
Fig. 2 shows a detail of the transition between the CPW and “ ¥ I 1 &

bolometer. The length of the transition regifrand the width v L

of the bolometety;, are highlighted in this figure. The modeling 2)2 ZJ2

of this structure could be performed with a full-wave MoM anal-

ysis, as described in [8] However, in this paper, we present Iag 3. Simplifi_ed equ_ivalent network of the terahertz n_wixe_zr ci_rcuit, which

. . . .includes the active slot impedance and equivalent transmission lines.

equivalent-network model for the overall mixer embedding cir-

cuit. The first simplified equivalent network is shown in Fig. 3.

The active slot impedances,, are obtained by means of MoMin the two dielectrics. With the simplified equivalent network

simulations restricted to the receiving slots alone, wiillg,, of Fig. 3, we may then estimate the equivalent series 16ad

Z,, andV, represent, respectively, the nominal dc impedance séen by the bolometer. Howevef,,, must be modified to ac-

the bolometer, characteristic impedance of the CPW, and equivunt for the reactances due the field deformations shown in

alent voltage source of the receiving antenna. Fig. 2, which are associated with the CPW-to-bolometer tran-
In Section lll, the transmission-line parameters are calcaiion. Analytical expressions for these reactances are also pre-

lated, taking into account, for the first time, the power leakagented in Section Ill. Finally, as will be discussed in Section IV,
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Frequency [THZz] wherek; = /kf —k2, (, is the free-space characteristic
impedance and the index = 1, 2 represent the contribu-
0 tion in each semi-infinite dielectric. Also, in evaluatirig,,
Im[\/k? — 3?] < 0. Despite the cumbersome expression, the
-0.002 evaluation ofD (%, ) is extremely efficient numerically and the
evaluation ofD’ (k) is straightforward from (2).
& -0.004 In Fig. 4, an example of the propagation constant is shown
=~ for a CPW witha = 2 pym andw = 0.5 pum (these are
= \ typical values for a terahertz circuit), as sketched in the inset
E -0.006 |- W-E.0.5-4m \ yp . ) .
Both graphs are normalized to the free-space wavenumber. In
0.008 | \ the upper graph, the real partiaf, is shown, compared with the
value of3 (dashed line) from (1). As the frequency increases, the
0.01 value ofRe[k,,] tends asymptotically to the value of the prop-
175 195 215 235 255 275 agation constant in the denser medium (silicon). In the lower
Frequency [THZ] graph, the attenuation constahi(k.,]) is seen to change sig-

_ o _ nificantly over the frequency range of 1 THz.
Fig. 4. Real and imaginary parts of the propagation constant for a CPW with

a = 2 pmandw = 0.5 pm. Both graphs are normalized to the free-space o )

wavenumber. The real part also shows a comparison with the valddgrom B. Characteristic Admittance

(1) (dashed line). N . . .
The definition of the characteristic admittance for a leaky line

is a “hot topic” and has been the subject of recent investigations;
of particular promise is the one in [12]. In this paper, we define

e characteristic admittance at a specific transverse section as
e ratio between current and voltage of the leaky wave launched
by a source at finite distance. This avoids some of the ambigu-
ities that arise with a leaky transmission line when the source
is assumed to be at infinite distance. Indeed, since the propa-
gating mode is exponentially attenuatedzinfor = tending to

The parameters of the CPW transmission line have been ('?'P)fln'ty’ the major field contribution on the slot axis are due to

> :
tained using the formalism that was presented in [11] for t finge currents (thatdecay age )rather_than tq the que itself .

; . . 1]. The evaluation of the characteristic admittance is shown in
case of a single slot etched in a perfect electric conductor

e_
tween two semi-infinite dielectrics. In this paper, the same for-

the effects of the RF filter must also be included to completefg
characterizeZ;,,. t

I1l. EQUIVALENT-NETWORK PARAMETERS

Appendix B and the final expression is

mulation is extended to the case of an infinitely extended CPW r
whose geometry is shown in the inset of Fig. 4.
2 2d 2/7.
A. Propagation Constant Yo = Z Zki / Hi (Kiply)) dy
. . o . i ImkoCow | Jagw w >
The quasi-static approximation of the propagation constant is 4 <2d - = = y)
B = /(K2 + k2)/2 [13], wherek; = ko /e (i = 1, 2) is the 1 2
wavenumber in each semi-infinite dielectric (air and silicon) and - w

ko is the free-space wavenumber. Accordingly, the propagating
mode is fast for the denser medium (i.e., silicon) and the mode

is leaky. Starting fron®, as shown in Appendix A, the complex w HQ(ki ly))
propagation constant can be expressed as - / o 5 dy| (3)
0 w
4\ - -y
o5 (5-)
bup = = 2O ® -2

CD(B) w? |
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Fig. 6. Electric current crowding effect with the relevant dimensions indicated.
In the upper part of this figure, the electric current is sketched. In the lower part
of the figure, the connection df, to the equivalent circuit is represented.

trated at this transition (see Fig. 2). Our analysis accounts for
the effect of the transition by correctiii, via the introduction

of two lumped reactances related to the lengths and widths in-
volved in the transition. These two reactances are combined to
represent a realistic model of the transition. In this way, we can
then calculateZ;,,, which is the actual embedding circuit series
impedance seen by the bolometer.

With reference to Fig. 6, the effect on the input impedance of
the electric current crowding associated with an inner conductor
reduction {; — t;) can be represented as a series inductive
impedanceZ,. An infinite slot, whose width is equal té, is
the canonical problem that best fits the geometry in Fig. 6. The

Fig. 5. Real and imaginary part of the CPW characteristic impedance

three different CPW geometries. For the real part, a comparison betwe%ﬁlovvth of inductive energy associated with the reduction of the

the formulation of this paper (solid line) and the quasi- static approximatidRN€r conductor front; to ¢ is assumed to be the same as that

(dashed line) is shown in the upper graph.
of the source region is reduced accordindly. is derived in

WhereIEiP _ /kiQ — k2, and Im[f@p] < 0fori = 1and [14], and its explicit expression is

Im[l%ip] > 0 for ¢ = 2. Equation (3), when compared with Zs = Z(ta) — Z(t1) 4)
previously existing expressions [13], accounts for the frequency

dependence and power leakage. It can be demonstrated thatwfhigre

definition is also congruent with the one given by Das in [12],

even if it is based on a voltage/current definition rather than on Z(t:) = koL [Za(t:) + Zu(t:)] ®)

power consideration. In applying the definition given in [12]5,4

one should note that, in this case, there is no surface-wave pole

contribution to the GF, as we are dealing with grounded homo- , () = JTCo {Hg(k?ti) — Jo(kati)
geneous dielectrics. o2 (k2 - k3) —Jj

InFig. 5, the characteristic impedance of a CPW with three HZ (k1)) — Jo(kut;)
different geometries is shown, along with the values obtained - —;
with the quasi-static approximation formulated in [13]. Equa- 9 I
tion (3) provides not only the imaginary part, but it can also +—1In <k—1>} (6)
be seen that the quasi-static formula underestimates the real T 2

part of Zy when the width of the CPW slots grows with re-

spect to the inner conductar In particular, this aspect signifi- 7o
cantly impacts the simulation results when introducing a trans- Zy(ti) = o
mission-line model of the band-stop filtering structure.

k k
C. Reactances J [k% In <51> —k21n <52>}

The equivalent network in Fig. 3 alone provid&s,, which - W(kg _ kQ) 7
does not account for the electric and magnetic current crowding o
effects occurring in the transition between the bolometer and
CPW. Since the bolometer width is much narrower with respesherey’ = 1.781--- = ¢7 and+~ is the Euler constant. The
to the CPW inner conductor, strong reactive energy is conceseries impedance, grows linearly with the lengthl of the

[—z In(v't;) + E}
™ ™

Do | S,
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e e i R ILTEED
Zpl :
Fig. 7. Magnetic current crowding effect with the relevant dimensions r—
indicated. In the upper part of this figure, the magnetic current is sketched. In zpl'
the lower part of this figure, the connection 8f = 1/Y,, to the equivalent 1

circuit is represented.

transition. It is also proportional tmw(¢,) ast. tends to zero,

even, though this is noF evident from (6) and (7) . Fig. 8. Example of transition adopted to simulate the actual circuit geometry
With reference to Fig. 7, the effect on the input impedancgd of the equivalent network obtained, resorting to a “staircase’-shaped

of the magnetic current crowding associated with shortenitrgnsition using the impedances of (4) and (8) to cor#&gt The layout shown

the gap lengthZ, — L) can be represented as a parallel Cél_ere is representative of the tapered transition region of Mixer No. 1. Each unit

e ;XL 2) e . . fepresents 0.Lm.

pacitive admittancé’),. An infinite dipole printed between two

semi-infinite dielectrics, whose width is equalttas the canon- TABLE |

ical problem that best fits the geometry in Fig. 7. The growth 0fPARAMETERS OF THEDIFFERENTMIXER CIRCUITS UNDER INVESTIGATION.

capacitive energy in the fringing fields associated with a reduc- fvet 'S THE HEB DEVICE DC RESISTANCE REFER TOFIG. 9FOR THE

. ) MEANING OF THE OTHER PARAMETERS

tion of the gap froml; to L, is assumed to be the same as that

occurring in this selected canonical problem when the dimen Mixer | L. Wa Sa a b Real | Ve Measured
sion of the source region is reduced accordingyis derived 1 (*2‘ ‘;‘) ¢ ;“) (T;‘) (”;n) (¢ ;“) Ti;‘ K (2}21;)
in [15], and its explicit expression is 2 33 3 19 3 ) 18 515
3 |365 2 19 | 2 3 18 2.02
Y, =Y (L) —Y(L1) (8) 4 | 365 | 2 19 | 2 ] 3 25 2.01
5 44 4 25 | 45| 6 46 1.60
where 6 48 2.6 25 3 | 44 25 171
7 152 | 83 [ 792 ] 8 | 1 32 0.54
2
V(L) = Va(Li) 9) : s, A
Tl:l —» [«— Wa
and
jtkoen Fon 3 ab
mCo a ] L
f

The parallel admittanc&], grows linearly with the width of
the transition. Again, it is proportional ta(Z.) asL, tends to
zero.

In order to account for a more general transition, we can com-
bine the previous reactances in a staircase form, resulting in an
equivalent network, as shown in Fig. 8. Note that all the pa-
rameters of the network are calculated with the closed-form &x9- 9. Schematic layout of physical structure used in the simulations with the

. . . . relevant dimensions defined.
pressions of (4) and (8), provided that the largest dimensions
of the transition are approximately less than:/20, where

Aer = 27/ andg is as shown in (1).

bolometer device dc resistance and, in Fig. 9, the relevant geo-
metric parameters are indicated. Fig. 10 shows the resonance
frequency for the mixers under investigation. The measured
results (dashed line with “prism” symbols) are compared
The parameters of the twin-slot mixers that have beevith calculated curves that are obtained by using either the
measured and analyzed are given in Table I, along with teenplified network as itis (“plus” symbols) or corrected via the

IV. NUMERICAL RESULTS
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Resonating Frequencies Input Impedance
3 4 Measured -6- 60 : S , ‘ ‘\1
:\ Simplified Network —+— § o , § N
.y ;\ . Bolometer Transition —8— 40 : b i ot
: "% Transition+Filter —%— : S erT é /
SRl \ T k. i s ; ;: A
¥ 2 “R== ‘ =2 — s s e
= € ¢ . ; { P $
i = /4 H Rl
Py o, 0 A Lo i
c15 @ /o 47 LM
g 8 o -
=3 © -20 : P
LOT.) 1 2 measured  _.4" | 5 :
£ 40 LT Simp. model Re[Z,]| ——
L2 et Simp. model Im[Z, ] - --
05 /,-’ Bol. Trans. Re[zZ,] ==~ ’
-60 : h ; Bol. Traps. ImlZ,]_: == .
L : : Trans.+Filter Re[Z,} = = - 7
Trang.+Filter Im{Z,]: — -~ .
° 1 2 3 4 5 6 7 80 ' ' E ——
2 2.2 24 26 2.8 3

Device Number
Frequency [THZz]

Fig. 10. Summary of measured and calculated resonating frequencies for the

seven mixers under analysis. Fig. 11. Input impedance of Mixer No. 1 calculated including: 1) simplified
network, 2) simplified networkt+ bolometer transition, and 3) simplified
network+ bolometer transition+ RF filter.

reactive current crowding contributions (“square” symbols).

These latter are obtained assuming the flared transition betwet ' ' ' ' '

the bolometer and inner conductor of the CPW, such as i 1.00 i Mxer N0 T

Fig. 8, taking into account the actual dimensions of the mixe! R Mixer No. 5 =~

embedding circuits observed with a scanning electron micros v

scope. While the series inductance of (4) tends to decrease t= 9-75

resonating frequency of the mixer, the parallel capacitance ¢

Q
(8) tends instead to increase it. However, the overall effect, ag
shown in Fig. 10 (“square” symbols), is that the resonating%
frequency decreases, with respect to the simplified model. Thig
means that the inductive part of the reactance we introducegg
tends to prevail. -

The resonating frequency is even more strongly affectet
by the presence of the filtering structure. This latter has bee 0.000 ' . .
modeled by simple transmission-line theory, where the relevar 0.5 1.0 1.5 2.0 2.5 3.0 3.5
parameters are evaluated as in Sections IlI-A and IlI-B. Alsc Frequency [THz]
shown in .Flg. 10 are the rgsult§ >(." symbols) .Obtamed Fig. 12. Measured FTS direct detection response for Mixer No. 1, 3, and 5.
when the impact of the RF filter is included. It is apparent
that the agreement between prediction and measurement is
outstanding, except for the case of Mixer No. 6. These resdif¢ bolometer—CPW transition decreases the shift from 29% to
give Strong Support to our improved equiva|ent networ|2'2%. By further introducing the effect of the filter, the resonant
considering the extreme challenges associated with fabricatfégguency shift decreases to 1%.
and measurement at 2.5 THz and the fact that the modeling ofn the past, the observed shift has been attributed to unknown
the filter does not account for the “step” transitions between thémped reactive effects associated with the superconducting
high- and low-impedance sections. However, the latter can Belometer itself (i.e., thermal gradients and skin effects). The
considered higher order effects, easily comparable with otH¥esent analysis attributes the dominant part of the observed
phenomena that are not accounted for in this analysis (i.8hift to the embedding circuit modeled in this paper. From
internal reflections inside the lens, gluing of the silicon lens toig- 11, one can also outline the significant impact of the filter
the chip, fabrication tolerances, variation of metal thicknesa the real part of the input impedance and the narrowing of the
etc.). Moreover, it is clear, as discussed below, that selectibgndwidth due to the several high- and low-impedance sections
the resonant frequency from the measured peak of the FTS d#ggd in the filter.
is not a straightforward matter. In Fig. 12, the FTS direct detection response of Mixer No. 1,

It is useful to refer to the percentage resonating frequendyand 5 are presented. For the same set of mixers, Fig. 13 shows
shift as the difference between the predicted and measured & predicted coupling efficiency between input and bolometer
quency. We may highlight this shift by observing Fig. 11 wherépedance. The latter are obtained resorting to the following
the input impedance of Mixer No. 1 is shown. Arrows indicat@ell-known impedance-mismatch expression:
the resonating frequencies, for measured and predicted results,
that occur when the imaginary parts of the impedance cross _ Ryo1 — Zin
zero. Improving the simplified network with only the effect of =T ‘Rbol + Zi

0.5

0.25

2
(11)
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0.8 : \
0.6 v/

0.4

Mixer No. 1 —
Mixer No.3 ——
Mixer No.5 —-~

for the real part of Mixer No. 1 at 2.5 THz). In this way, the slot
input impedance is more stable and the impact of the imaginary
part of the filtering structure is less significant because it is in
series to a high impedance.

To further motivate this choice, it is worth mentioning that
the previous studies on the beam efficiency [4] were based on
physical optics (PO) calculations of the radiation patterns. There
are currently ongoing studies that include more sophisticated
diffraction mechanisms [16]. The latter could affect the calcu-

lation of the optimum beam efficiency for these kind of lenses.
Additionally, when the slot antennas are operated on their first
resonance, the slot impedance presented to the bolometer via
a Ae/4-long CPW transmission line is much lower and typi-
0 cally about 2092. This way, a good match of the real part of

1 125 15 175 2 225 25 275 3 this impedance with that of the bolometer is straightforward,

Frequency [THz] which results in a nearly optimum efficiency. It is true that, in

this configuration, the impact of the lumped reactances asso-
ciated with the CPW-bolometer transition are more relevant.
, , , However, when observing the analytical expressions presented
where £, is the resistance of the bolometer adg, is the i, section I11-C, itis clear that the effect of this transition is neg-
series impedance seen by the device in the equivalent CirCyifin e i the length of the transitiott, is reduced to the minimal

The measured bandwidths appear larger than the calculgiggiizaple dimension without resorting to the flared transition of
ones. This is basically due to the normalization adopted Hg. 2.

the FTS curves: these are normalized to the maximum of the
peak response, while those in Fig. 13 reflect the calculated
mismatch between bolometer and input impedance. The ripples
in the measured curve are due to several effects related to th#n this paper, we have presented an improved model for se-
quasi-optical FTS measurement system, particularly the lgigs-fed CPW embedding circuits that are used in bolometric

internal reflections [6] and thickness of the glue layer holdinigrahertz receivers. We first calculated the complex propagation
the chip to the lens. constant and characteristic impedance of the weakly leaky mode
propagating in the CPW etched between two semi-infinite di-

electrics. It is found that, for higher values of the characteristic

edance, the quasi-static approximation is inadequate for an
urate design that aims to match the CPW impedance to the

0.2 \

Fig. 13. Calculated coupling efficiency curves for Mixer No. 1, 3, and 5.

VI. CONCLUSIONS

V. DESIGN CONSIDERATIONS
: . im
Based on previous results, some guidelines for future desi

of CPW-based twin-slot bolometric mixers are now given. radiating slots or to the bolometer. We have also presented an

In_ the past [4], [6], the main constraint in the design of SucPnproved model of the planar transition between the CPW and
a mixer has been the overall beam pattern of the anterlaas bolometer

system; the emphasis being given to a Gaussian shaped bea
and, consequently, good radiation efficiency. This goal was;
achieved operating the twin-slot antenna at its second re
nance. In this way, a low real part of the input impedance f
each slot was obtained and a good match to the characteri
impedance of the CPW could be achieved (each one in

order of 40(?). More problematic instead was the matchin

U]sing these improvements, we have investigated seven
xers developed for real instrument applications and we have
%en able to explain the downward shift in the resonating fre-
uency when comparing simplified predictions with the actual
Casurements. Higher order physical effects that can contribute
Fthe input impedance of the circuit are still not taken into

bet the bol teri q wpically low to obtain a f ccount. In particular, the bolometer impedance is accurately
etween the bolometer impedance (typically low to obtain a wn only in dc and it is not necessarily real at 2.5 THz.

response from the device) and the equivalent load represe effects could have an impact on the overall circuit and

by the CPW and slot antennas on each side of the bolomeBeEHer reactances could be associated with the vertical variation

Moreoyer,_t_he nonzero reagtance, provided by the RF ﬁlt% the metal thickness between the CPW inner conductor
could significantly affect the impedance of the equivalent lo d superconductive metal of the HEB device. Finally, the

of the slot connected to the filter itself. This latter effect and the, | i< between high- and low-impedance sections of the
CPW-bolometer transition play a dominant role in explaini

the d d shift of th tina f h b ;ﬁﬂtershould be taken into account.
€ downward shift ot the resonating frequency snown by eNevertheless,theresultsobtainedbyourimprovedequivalent

mixers under investigation. . L network are outstanding, considering the extreme challenges as-
As a result of the present investigation, it seems more conys

. - eﬁ’ciated with fabrication and measurement at 2.5 THz.
nient to operate the slot antennas on their first resonance (half-
wavelength instead of a full-wavelength-long slot). Indeed, even
though the overall radiation pattern could be slightly affected
and different from the theoretical optimum, the inputimpedance The transmission line is fed by aroriented forcing mag-
of the radiating slots turns out to be higher (approximately€240netic field concentrated an= 0 (H;(x) = é(z)) and constant

APPENDIX A
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on the transverse dimensign In particular, the forcing mag- to solve the dispersion equation, it is convenient to re-express
netic field is supposed to have the same amplitude, but oppogt&) in a slightly different form. This is accomplished by first
phase, on the two slots of the CPW, in order to be compatibieticing that

with a propagating mode in the line. The problem is formal-

ized as a continuity of magnetic field integral equation (CMFIE) ;. <k E) _ /+(w/2) 2 eityy oy a7
assuming, as in [11], the separability between transverse and Y2 (wj2) WT 2y
longitudinal space functional dependence of the unknown mag- - <E>

netic currents distributed on the slots. In particular, the trans-
verse electric field is assumed to be well represented by a uniguel then that the zeroth-order second-kind Hankel function of
edge singular function defined on each of the two slots. Thussmplex argument can be represented as

we can express the magnetic current as "
e IRy«

+oo
H} k 18
Mz, y) = V(x)M,(y) (12) sl =2 f NEErh 4o
where . - .
Finally, substituting (17) and (18) in (15) and inverting the order
My (y) of the space and spectral integrations, we obtain
2 U Uy 22: 4k — K?) /2‘“’(“’/2) Hi(kilyl)
== — k ’ —
wr \/1 {”MT \/1 [2<y—d>r O I R
_|AYT% _ |2y =% "
w w
(13) w/2 H2 k‘
/ Iul Lyl a9
U, is the unitary “rect function” of théth slot and the expression

is normalized in such a way th&(x) represents the voltage \/ w2

drop between the inner conductor and the two outer conductin 5 5
planes. Following the same procedure as in [11], in forcing t erek; = \/k7 — k2. This latter expression db(k,) is ex-
CMFIE only on the slot axis, we obtaifi(z) as an inverse tremelyefﬂmentfor numencal evaluation. Moreover, it does not
Fourier transform (FT) ’ present any more square-root-type branchés,irb(%,) is an
analytical function of:,. once the branch cuts in thhe complex
Vi) = 1o 2 ke g (14) plane are selected, as in [11]. Singe= 3 = (k? + k%)/2
21 J_oo D(k.) i constitutes the quasi-static expression of the propagation con-
stant,D(k,) can be expanded in a power series in term§ of

wherel/D(k,) is the CPW magnetic current spectral GF and is

expressed as D(k.) =D(B)+D'(B) (ke — ) +---. (20)

D(ky) = 1 +o0 67 (k. k)0 w Accordingly, a second-order approximation of the propagation
2w wr AT 0 and attenuation constants in the CPW can be derived inverting

] [2, sin(k d)]2 dk,. (15) (20). Thus, the complex wavenumber of the propagating leaky
J ' mode results as follows:

In this expressionjy(k, (w/2)) is the zeroth-order Bessel func- D(3)
tion. 6" is thezz: component of the dyadic spectral GF perti- =p- D(3) (21)
nent to the magnetic field radiated by the magnetic currents in
absence of the CPW Note that, in evaluating,,,, Im[\/k? — 32] < 0 fori = 1,2.
) {k?—ki} Finally, the evaluation ob’(k,.) is straightforward from (19).
ko ky

(16) APPENDIX B

rnh
e (b, ky) =
ot 2 ;koCm/kiQ—k%—kg
The characteristic admittance of the CPW is defined as the

whereky is the free-space wavenumbegg, is the free-space ratio between current and voltage associated with the modal
characteristic impedance, and the index 1,2 represent the propagation(k..,). The total voltage along the CPW has been
contribution of each semi-infinite dielectric. Equating to zergntroduced in (14). Its modal componékii() can be obtained

the denominator of the spectral expression for the magnetic chyretaining only the residue contribution i = k. OF (14)
rents D(k,) = 0 in (14)], a dispersion equation is obtainedas follows:

which, when numerically solved, defines the propagation con- 9
stantk,,, of the mode supported by the structure. Since the CPW Vo(z) = —3 D ()
is placed at the interface between two different semi-infinite di- *P
electrics (silicon and air), the propagating mode is fast for tliéhe expression of the electric current flowing in the inner con-
denser (i.e., silicon) medium and the mode is leaky. In ordductor of the CPW can be derived as the circulation around the

eIk, (22)
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=17 —(wi

2j sin(kyd)kkye™ I T eIk

koCoy/ k7 — k2 — k2

wherew; = 2d — w is the inner conductor width arid(k,.) is
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[2] W. F. M. Gonzeules, J. R. Gao, W. M. Laauwen, G. de Lange, T. M.
Klapwijlc, and P. A. J. del Corte, “Direct and heterodyne response of
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