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This proposal presents a variety of
synthetic CMOS waveguides covering DC to
millimeter- wave frequencies to improving
CMOS RF circuits and making new RFIC
designs and applications. Three regimes of
operation for synthesizing CMOS
waveguides are specified. First, a broadband,
DC to fa active CMOS waveguide is
presented. The upper frequency limit of fais
5GHz for a typical 0.18um CMOS
technology and fawill be higher when CMOS
technology advances further to finer
photolithography. The synthetic active
CMOS waveguide is a periodical guiding
structure made of a collection of unit cells,
which consists of passive, synthetic
complementary-conducting-strips (CCS)
waveguide (ROC patent approved, US patent
pending) and active negative differential
resistance device. To our best knowledge,
this is the world’s first guiding structure
exhibiting loss-free characteristics.

Second is the millimeter-wave CMOS
waveguides above fp, which is the lower
bound frequency of passive CMOS
waveguides and is typically at 60GHz. Near
fp current 0.18um CMOS technology is
stretched to limit, showing little gain
available for RF integration. Thus attention
will be focused on passive RF signal
processing units on CMOS IC, above fp.
Between fa and fp is a wide spectrum for a
variety of microwave and millimeter-wave
RF communication systems. In this regime, a
synthetic active waveguide is proposed for
narrowband applications.

This proposal covers three years of
continuing efforts on basic researches for
CMOS waveguides. The targeted
achievements  include (a)  synthetic,
miniaturized, loss-free  waveguides /
transmission lines for f € (0, fa), (b)
synthetic, multi-dimensional, low-loss
waveguides and transitions for f > fp, (¢)
synthetic, narrowband, low-loss, active
waveguide for f € (fa, fp). Applications of
the  synthetic  active/passive =~ CMOS
waveguides are numerous and not included
in the scope of this proposal. When
applicable,  however, the  conducted
researches may generate useful results for

smart antenna and RFIC designs, etc.

The researches are evenly distributed into
a three-year period. Year 1 will focus on
general design considerations of synthetic
CMOS waveguides forf € (0, fa) and f> fp.
Year 2 will emphasize on synthetic CMOS
waveguides for f € (fa, fp) and continue the
researches on the other bands. Year 3 intends
to design transmission line/waveguide
circuits that will demonstrate the
applicability of concepts of synthetic CMOS
waveguides  from  lower  microwave
frequencies to millimeter-wave regime.

Keywords: Synthetic CMOS waveguides,
Complementary -conducting-strips
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CMOS

analog and digital integrated circuits has

technology combining both

matured as a dominant IC technology that
includes RF (radio frequency) transceiver
building block. @ To date CMOS RFIC
reaches 6GHz in the consumer world and
30GHz at

laboratories using. The success of CMOS

approximately research
IC technology as a dominant process can be
attributed to the following factors (a)
continuing refinement of CMOS IC process
(b)
improvement abiding the Moore’s law, and
(c) the Dest SOC
(system-on-chip) integration of

toward low  cost, performance

technology  for

multi-functional — microelectronic
blocks. The complete success of CMOS IC

technology in RFIC, however, is not over.

system

Many researchers around the world have
tried numerous attempts to reduce the
propagation losses of transmission lines, or
waveguides in general, integrated on CMOS
IC.

attenuation

Popular techniques for reducing the
constants include (a)

micromachines substrate and metal layers [1]



thick
low-loss dielectric [2] (c) insulated substrates
such as SOS (silicon on sapphire) [3], and (d)
patterned ground shields and equivalents
[4-5].
above reflect only a very small portion of

(b) high-resistivity substrate and

Notice that the literatures referenced

published results in the past 10 years.

high

degrees of representative works in the field.

Nevertheless these papers reflect
In summary the CMOS substrates are highly
lossy, the metal layers are relatively thin as
skin depth, the
spacing between metal layers are also very
thin. These CMOS

transmission lines highly dispersive with

compared to dielectric

factors

cause

losses greater than 10dB per wavelength for

frequency below 10GHz wusing typical
CMOS process in the present day.
This proposal present an entirely

different approach from the above-mentioned
researches attempting to develop reasonably
good CMOS transmission lines, thus further
the position of CMOS IC
the RFIC
particularly  at

enhancing
technology in research and
development, higher
microwave frequencies and millimeter-wave
regime. The core concepts of this proposal
are results of several years of researches
sponsored by National Science Council and
Without

resorting to the exotic process modifications

Ministry of Education of Taiwan.

based on micromachined techniques and use
this

concepts  of

of insulating substrates,
the

waveguides, which had been successfully

proposal
presents synthetic
implemented in the large leaky-wave array
[6], new leaky-wave antennas [7-9], new
EME (electric-magnetic-electric) slow-wave
structure [10], and recently the synthetic

rectangular waveguides [11-12], etc. The

synthetic waveguide approach adopts several
modal
This

reported for microstrip and

physical mechanisms. First is

transition between various waveguide.
had been
waveguide mode conversion in filter [13],
[14]

performance in PCB realizations. Second is

oscillator etc, achieving excellent
the use of mode-coupling effect that results
in eigen-value approach for designing new
class of waveguides [6,8,9] that open up new
applications.  Third is the application of

periodical structures that show high

These

stopband characteristics are, in fact, very

impedance state in the stopband.

complicated in guiding characteristics (with
some data to be reported in the next section)
in that there are space harmonics and various
modal transitions occurring in the stopband.
The stopband high-impedance state and its
influence in the passband are combined to
design neew waveguides, which break the
the
waveguides such that the slow-wave factor of
waveguide can exceed \/g_r [10, 11] and

TM o waveguide can exist [12]. \/5_ is the

r

theoretical limit of conventional

relative dielectric constant of the dielectric
material for use in designing waveguides.
This

electromagnetic techniques

proposal  combines all these
of designing
waveguides to combat the CMOS waveguide
the

CMOS IC process. Prior to this proposal

design without modifying existing

write up, internal researches show that
CMOS microstrip line on PBG ground plane,
which is a two-dimensional periodical array
to be reported in the [5], shows quality factor
Q higher than those using pattern ground
shields and Q much better than those simply
The

synthetic waveguides as reported above have

integrated on CMOS lossy substrates.



consistently show high Q properties, e.g., Q
of 260 for miniaturized TE;; mode
waveguide at 4GHz and Q of 220 for TM;
mode rectangular waveguide at 12GHz in
Both

theoretical and experimental investigations of

printed-circuit-board technology.
simple guiding structures in CMOS and PCB
have demonstrated the potentials of synthetic
waveguides realized in contemporary CMOS

IC technology.
SR HARES R

As briefly discussed in the previous
introductory section, the experiences gained
successfully in PCB realizations of synthetic
waveguides may not be directly applicable
for designing synthetic CMOS waveguides.

The difficulties arise for the following

reasons:
a) The effects of metal thickness and metal
conductivities of the CMOS

interconnects are critical for accurate
assessment of guiding characteristics of
the synthetic waveguides;

b) Guiding structures are usually quite
complex when realizing synthetic CMOS
waveguides, thus accurate
electromagnetic (EM) modelings of these
guiding structures are also difficult;

¢) The complexities involved in solving EM
fields of the proposed guiding structures
in CMOS substrates are far beyond the
university-generated codes, therefore
generalized, commercially available EM
solvers such as Ansoft’s HFSS should be
used frequently. These exercised with
great cares, particularly when new
guiding structures are under development
without prior knowledge of guiding
characteristics.

d) CIC CMOS IC foundry service shows
less resource for basic researches, and the
pressure of first-pass design appears
mandatory for researches involving
monolithic IC foundry supports.

e) Development of new and innovative

guiding structure needs basic and solid
understanding of electromagnetic
wave-propagations, which are somewhat
difficult to attract attentions of students
in the present curriculum worldwide.

The CMOS RFIC that integrates RF
transceiver building block has reached to
6GHz at present. Most designs of these
CMOS RFIC are fundamentally based on
lumped LC matching elements. In Appendix
A of this section are had reported on LC-free
CMOS oscillator, where an effective 1 yzs
resonator replaced the LC tank and resulted
in a miniaturized first pass design. (See Fig.
11 and Fig. 12 of [15]). With such success,
this step further,
presenting a design of active CMOS

proposal moves one
transmission line that supports quasi-TEM
the so-called CCS TL

(complementary-Conducting-Strips

mode using
transmission line), which was also shown in
[15] that demonstrated how the CCS TL
could be applied for miniaturization of a
rat-race hybrid with nearly good performance
when realized in a conventional microstrip
mode. (See Fig. 6, Fig. 7 and Fig. 8 of [15]
for the comparative studies.) Since the
cross-coupled CMOS exhibit

negative differential resistance, this proposal

transistors

presents the world first active transmission
line that can produce loss-free propagation
characteristics by distributing the negative
differential resistance into each unit cell of
the CCS TL, thereby forming a synthetic,
active CMOS waveguide that is potentially
loss-free. Notice that the 5.2GHz CMOS
oscillator must have negative differential
resistance that overcomes the losses in the
CCS TL. When designing CMOS CCS TL

loaded with negative differential resistance,



we will design unit cells similar to those
reported in Fig. of [15], using top metal layer
(M6) as the meandered pattern and bottom
M3) as the
two-dimensional, ground plane. Each CCS
TL is locally connected by M1 and M2 metal
layers to the cross-coupled CMOS devices,
the differential
resistance circuit. By proper scaling, the
0.18um CMOS technology

attenuation  constant that  approaches
OdB//1g , l.e., loss-free, at SGHz in our

layer periodical,

which  form negative

can yield

analyses. Thus the first candidate CMOS
guiding structure proposed here is the
synthetic, active CMOS waveguide operated
between DC and upper-limit frequency f,. If
successfully developed, this will be world’s
first active monolithic transmission line that
is loss-free. We expect most microwave
circuits based on TL realizations can be
designed using this guiding structure, thereby
stretching the existing CMOS RFIC to an
that

microwave hybrids such as phase shifters,

unprecedented  era conventional
couplers, filters, rat-race, etc, can become
monolithic in a CMOS fashion.

The skin depth of aluminum at 300K° is
0.337um at 60GHz, approximately equal to
the thickness of metal layers of CMOS
interconnect. Therefore we propose synthetic
waveguides with bound
frequency f, at 60GHz. Referring to

Appendix B and Appendix C of the

passive lower

attachment in this section, we infer that width
of 750um will be sufficient for making
CMOS TE;p mode rectangular waveguide.
The
support  TM;g

same waveguide could possibility
mode at approximately
110GHz. Since guided-wave electromagnetic

energy is primarily confined within the

waveguide, the effects of lossy substrates are
negligible for the synthetic waveguides.
Furthermore, the quasi-TEM type synthetic
waveguide like CCS TL can be developed
for f > f,. The interface between CCS TL and
synthetic rectangular waveguides can be the
mode converter described in [15]. Altogether,
the synthetic passive waveguide system is
relatively low-loss and commensurate with
contemporary CMOS IC technology. Notice
that at 100GHz, the skin depth is further
reduced to 0.261um, rendering waveguides
of much higher Q factor.

Between f, and f,, synthetic active
waveguide is proposed. In this regime,
reactively loaded transistor, in NMOS or
PMOS, can produce negative differential
resistance in a specified region by properly
controlling device size and reactive loading
in much the same way as designing a
microwave oscillator. By so doing, for
example, the CCS TL as described in [15]
can be loaded by such narrowband negative
differential resistance in a cell to cell basis,
rendering a periodical structure that is
potentially a loss-free active waveguide.

So far the design of synthetic waveguides,
whether active or passive, is fundamentally a
periodical structure, from which degree of
freedom of designing waveguides meeting
various types of circuit needs is greatly
enhanced. To these
the

characteristics should be characterized with

design periodical

structures, stopband guiding
cares. [16] documents several representative
case studies of periodical structures, showing
that the stopband characteristics are for more
complicated than what scattering analyses
imply. Two classes of periodical structures

are reported, one is the weakly agitated type



of periodically equal to half wavelength (See
Fig.2 of [16]) and the second is a strongly
perturbed type of periodicity much small
than half wavelength (see Fig. 6 of [16]). The
synthetic waveguide to be developed will fall
into the latter case. Even so, not every PBG
(photonic bandgap) structure is applicable.
the UC-PBG (uniplanar

structure displays many

For
compact PBG)

modal conversions between leaky wave and

example,

surface waves, thus narrowing the applicable
range of adopting UC-PBG as a high
impedance surface (See Fig. 7 and Fig. 8 of
[16]). The EME type, however, shows much
simpler complex modes generation except at
the lower bound of the stopband, where leaky
waves exist (Fig. 9 and Fig. 10 of [16]).
Therefore evanescent fields exist in most of
the stopband region, rendering a low-loss,

high impedance surface, which is suitable for

low-loss  synthetic waveguide  design.
Throughout the design course of this
proposal, the stopband guiding

characteristics of the unit cell or the guiding
structure must be fully characterized before
tape out in a similar way presented in the
[16].
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