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Efficient Transient Compression Using an
All-Silicon Nonlinear Transmission Line
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Abstract—Nonlinear transmission lines (NLTL’s) have so far

Z,.1
only been fabricated on GaAs. Here, an NLTL was monolithically 1 oL L
integrated on a 2000£2-cm silicon substrate, demonstrating the z j{ z,
applicability of the NLTL concept to silicon millimeter-wave
integrated circuits (SIMMWIC's). The fall time of 74 ps of a

4-GHz sinewave was compressed to 32 ps at the output of the o
NLTL, in accordance with theory. This is the first working NLTL ~ Fig- 1. Circuit diagram of an NLTL [1].
on silicon to our knowledge.
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I. INTRODUCTION ) ) o
o . Fig. 2. Equivalent circuit of an NLTL [1].
ONLINEAR transmission lines (NLTL's) use the

voltage-depe_znd_ent _capacna_nce of d|odes_ d|str|but% proach, resulting in short lines with negligible attenuation
along a transmission line to introduce nonlinear wavi nd dispersion to the device under test

propagation effects. The shockwave NLTL, as described her.e,]_he NLTL is monolithically integrated using a high-

steepens a leading or falling edge of a large time-doma}m . ; .
. . . ) : pedance coplanar waveguide (CPW) (with propagation
signal, just like the wave-breaking effect of water in beaCh%locity vepw) of impedanceZ; and reverse-biased Schottky

[1]. NLTL's so far'are available on GaAs with the bes iodes serving as voltage-dependent capacitances, integrated
reported results being the generation of 480- [2] and 680, %riodically into the waveguide at spacinds Fig. 1 shows

transients [3]. The realization of NLTL’'s on silicon has no he circuit diagram and Fig. 2 the equivalent circuit with

be\?yhilrer] dt?;tglt(i?)rllatltljythgatfs‘qv(\?;so utrhléncs)nvtl)i?r%(taé chosen fc{? = Zir and G = 7/Z, being the line section inductance
o . . S ) -~ and it , Where= . d
monolithically integrated microwave circuits, high-resistivit and capacitance, where= d/vcry. Ca(V) and y(V) are

ilicon substrates with ific resistan ver 16D6m Yhe diode capacitance and series resistance.
stiicon substrates Specitic resistance ove Taking into account the equivalent circuit parameters, it is
can also be used, as shown by many research gro

[4], [5], for silicon millimeter-wave integrated circuitsl"ljl%%Slble to define the diode cutoff frequency

(SIMMWIC’s). While SIMMWIC'’s with one-port devices fo = 1 (1)
(as oscillators or detectors) for frequencies up to 100 GHz 2-m - Rg(V) - Ca(V)

were already demonstrated in 1988 [6], there are now ned the cutoff frequency of the line sections between two
possibilities with Si—SiGe heterostructure bipolar transistors @bdes

frequencies above 30 GHz [7], triggering a growing demand ; 1 )
for millimeter-wave components. 9= Rl

The major use of NLTL'’s will be in high-speed time-domain
sampling, when integrated with diode sampling circuits, and When applying a large-signal voltage to the line the non-
potentially in high-order frequency multiplication. The advanlinearity of the diode’s capacitance, for uniform doping given
tage of GaAs compared to Si is the better carrier mobili§s
and the higher breakdown field. Therefore, the minimum o
transients achievable on Si will be not as good as on GaAs. m’
However, the excellent mechanical properties will allow the

integration of active wafer probes using a micromechanic\é\tll|II result in a bias dependent mean capacitarig. We

Ca(V) = 3)

calculated
C /e cos? wt
N— Cpp = 22 dwt  (4)
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of impedance matching at the input of the transmission li
and should not be confused with the large-signal capacita
derived by Landauer [8] to describe the propagation chare® =
teristics of shock waves.

With this mean capacitance a mean impedance of the li

can be defined as
[ L
Zp =] —>n. 5
~ Cl + Crn ( )

For ideal matching this impedance should be as large as
load impedanceZ; = Zioaq.

Il. DESIGN

A. Elevated CPW Fig. 3. SEM shot of a fully elevated CPW with diode pillar.

To minimize the capacitance per unit length and the sub-
strate effects of the waveguide, a fully elevated structufé» = Cy — Ci. The next step is to determine the area of the
was designed. The parameters of the elevated CPW wélede A via the diode’s reverse-biased capacitance:
calculated using mode-matching techniques. For a CPMh3 oer A Teoc,
above the substrate, 100n ground-to-ground distance, and Cjo = — with Tjo = .
20:m center conductor width, we calculated an impedance Lo gNaVbi
of Z; = 105 Q, ane, s = 2.7, and an attenuation aroundfor a uniformly doped diodeC}, is calculated fromC,, [see
0.1 dB/mm at 50 GHz. (4)], the aread via the last equation.

®

B. Diodes I1l. REALIZATION

High compression ratios in an NLTL depend critically on _
a high-capacitance swing of the diode, while still achieving/4. Diodes

sufficient cutoff frequency and breakdown voltage. In compliance with our design a high-resistivity silicon
To optimize the diode doping profile, we have extended th@bstrate was implanted resulting in a doping concentration of
common model of uniform doping in the"rregion to include n+ = 5. 101 cm~3 at the surface. After that an epitaxial layer
the possibility of doping steps. This allows us to optimize thgas grown at the Daimler—Benz Research Center in Ulm by
C(V) function and the series resistance, while maintaining §IBE with a doping concentration ofn= 2.5 - 10*¢ cm~2 and

adequate breakdown voltage. a thickness of 550 nm. Single diodes were fabricated on this
material showing a breakdown voltage of 11 V, a capacitance
C. NLTL swing of 2.1, and a cutoff frequency of 370 GHz. This is in

Starting with the elevated CPW design described in Secti§R0d agreement with the theoretical values.
lI-A and the diode structure described above, we first derived
the necessary diode spacing and the diode area from the taRjefirbridge NLTL
falltime 7’ .. The cutoff frequencyf, at the last section of  Because a comparable process to implant isolation on GaAs

the NLTL must be around is not available on silicon and selective implantation was
0.35 unavailable to us, a special process was developed. The wafer
fg (6) with nt- and m-layers is processed with a Pt—Au Schottky

T Trow \ art
Jrout contact and a Ti—Au etch mask. The silicon is then etched

The nonlinearity of the diode’s capacitance should still pavice using a KOH etch and the metal as masks, leaving
effective at the frequency,; this is why the cutoff frequency diode pillars on a high-resistivity substrate. These pillars then
of the diode f. should be around five times higher thgp Support both the center conductor and ground conductor air-
[1]. With the knowledge of the appropriate transmission lineridges, using a two-resistlayer air-bridge process developed

cutoff frequencyf, it is possible to calculate the distande by us (see Fig. 3). As the span of the air-bridges is limited,
of the diodes as passive pillars that are electrically isolated from the ground

conductor are introduced.
__ lp )
Zim fo/Erett IV. RESULTS

Then, the inductance of a section can be calculated as On an NLTL with 40 diodes and 160 pillars (every fourth
Zr /7 f, and with that the total capacitan¢& = L/Z%. With pillar is a diode) we observed an output signal of 1.6 V and
C; = L/Z?# for the unloaded CPW line it is possible to get falltime of 32 ps from a 4-GHz 18-dBm sinewave input
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0 . . to achieve a faster transient at the output. We therefore will
fabricate NLTL's using optimized diode structures with a
i capacitance swing around 5, which should result in significant
0.4 v 1 improvement in output transient time.
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