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Abstract

Since several years the research in the possibilities of CMOS technologies for
RF applications is growning enormously. The trend towards deep sub-micron
technologies allows the operation frequency of CMOS circuits above 1GHz,
which opens the way to integrated CMOS RF circuits. Several research groups
have developed high performance down-converters, low phase noise voltage
controlled oscillators and dual modulus prescalers in standard CMOS
technologies. The research has already demonstrated fully integrated receivers
and VCO circuits with no external components, nor tuning or trimming. Further
research on low noise amplifiers, up-converters, synthesizers and power
amplifiers will hopefully result in CMOS RF circuits for fully integrated
transceivers for telecommunication applications.

1. Introduction

A few years ago the world of wireless communications and its applications started to
grow rapidly. The driving force for thisis the introduction of digital coding and digital signal
processing in wireless communications. This digital revolution is driven by the devel opment
of high performance, low cost, CMOS technologies which allow for the integration of an
enormous amount of digital functions on a single die. This allows on its turn for the use of
sophisticated modulation schemes, complex demodulation algorithms and high quality error
detection and correction systems, resulting in high performance, lossless digital
communication channels.

Today, the digital revolution and the high growth of the wireless market bring also many
changes to the analog transceiver front-ends. The front-ends are the interface between the
antenna and the digital modem of the wireless transceiver. They have to detect very weak
signals (LV’s) which come in at a very high frequency (1 to 2 GHz) and, at the same time,
they have to transmit at the same high frequency high power levels (up to 2 Watt). This
requires high performance analog circuits, like filters, amplifiers and mixers which translate
the frequency bands between the antenna and the A/D-conversion and digital signal
processing. Low cost and alow power consumption are the driving forces and they make the
analog front-ends the bottle neck in future RF design. Both low cost and low power are
closely linked to the trend towards full integration. An ever further level of integration renders
significant space, cost and power reductions. Many different techniques to obtain a higher
degree of integration for receivers, transmitters and synthesizers have been presented over the
past years [1],[2][3]. o | o

Parallel to the trend to further integration, there is the trend to the integration of RF
circuitry in CMOS technologies. The mainstream use for CMOS technologies is the
integration of digital circuitry. The use of these CMOS technologies for high performance
analog circuits yields however, if possible, many benefits. The technology is cheap, if used
without any special adaptations towards analog design,. Thisis especialy true if one wants to
achieve the ultimate goal of full integration : the complete transceiver system on a single chip,
both the analog front-end and the digital demodulator implemented on the same die. This can
only be achieved in either a CMOS or a BiCMOS process. BICMOS has better devices for
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analog design, but the cost will be higher, not only due to the higher cost per area, but also
due to the larger area that will be needed for the digital part. Plain CMOS has the extra
advantage that the performance gap between devices in BICMOS and NMOS devices in deep
sub-micron CMOS, and even NMOS devices in the same BiCMOS process, is becoming
smaller and smaller due to the much higher investments in the development of CMOS than
bipolar. The f;'s of the NMOS devices are getting close to the f;’ s of the NPN devices.

Although some research has been performed in the past on the design of RF in CMOS
technologies [4], it is only since a few years that real attention has been given to its
possibilities [5],[6]. Today several research groups at universities and in industry are
researching this topic [2-3], [7], [9], [33- 34], [37]. As bipolar devices are inherently better
than CMOS devices, RF CMOS is by some seen as a possibility for only low performance
systems, with reduced specification (like ISM) [10], [8], or that the CMOS processes need
adaptations, like substrate etching under inductors [7]. Others feel however that the benefits of
RF CMOS can be much bigger and that it will be possible to use plain deep sub-micron
CMOS for the full integration of transceivers for high performance applications, like GSM,
DECT and DCS 1800 [2],[3]. First some trends, limitations and problems in technol ogies for
high frequency design are analyzed. Secondly, the down-converter topologies and
implementation problems are reviewed. Thirdly, the design and trends towards fully
integrated low phase noise PLL circuits are discussed. Finally, the design of fully integrated
up-convertersis addressed.

2. Technology

Due to the never ending progress in technology downscaling and the requirement to
achieve a higher degree of integration for DSP circuits, sub-micron technologies are
nowadays considered standard CMOS technologies. The trend is even towards deep sub-
micron technologies, e.g. transistor lengths of 0.1 pm and below [20, 30]. Transistors with f;'s
of near 100 GHz have recently be demonstrated in 0.1 um technologies [31, 32].

However, the speed-increase of deep sub-micron technologies is reduced by the parasitic
capacitance of the transistor, meaning the gate-drain overlap capacitances and drain-bulk
junction capacitances. This can clearly be seen in fig. 1 in the comparison for different
technologies of the ft and the fmax , defined as the 3dB point of a diode connected transistor
[11]. The fmax is more important
because it reflects the speed 20 o
limitation of a transistor ina .| :
practical configuration. As can 16l
be seen, the ft rapidly increases, 10l
but for real circuit designs
(fmax) the speed improvement is
only moderate.
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bondwire in combination with the ESD protection network and packaging pin capacitances
will strongly affect and degrade the RF signal.
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3. Receiver Topologies

The heterodyne or IF receiver is the best known and most frequently used receiver
topology. In the IF receiver the wanted signal is down-converted to a relatively high
intermediate frequency. A high quality passive bandpass filter is used to prevent a mirror
signal to be folded upon the wanted signal on the IF frequency. Very high performances can



be achieved with the IF receiver topology, especially when severa |F stages are used. The
main problem of the IF receiver is the poor degree of integration that can be achieved as every
stage requires going off-chip and requires the use of a discrete bandpass filter. This is both
costly (the cost of the discrete filters and the high pin-count for the receiver chip) and power
consuming (often the discrete filters have to be driven by a 50 Q signal source). Moreover, in
CMOS REF circuit design input/output is already becoming a serious problem above the GHz
frequency range.

The homodyne or zero-IF receiver has been introduced as an alternative for the IF
receiver that can achieve a much higher degree of integration. The zero-IF receiver uses a
direct, quadrature, down-conversion of the wanted signal to the baseband. The wanted signal
has itself as mirror signal and sufficient mirror signal suppression can therefore be achieved,
even with a limited quadrature accuracy. Theoretically, there is thus no discrete high
frequency bandpass filter required in the zero-1F receiver, allowing in this way the realization
of afully integrated receiver, especialy if the down-conversion is performed in a single stage
(e.g. direct from 900 MHz to the baseband) [13]. The problem of the zero-IF receiver is its
poor performance compared to |IF-receivers. The zero-IF receiver is intrinsically very
sensitive to parasitic baseband signals like DC-offset voltages and crosstalk products caused
by RF and LO self-mixing. These drawbacks have kept the zero-IF receiver from being used
on large scale in new wireless applications. The use of the zero-IF receiver has therefore been
limited to rather low performance applications like pagers and ISM [10] in which the coding
can be scrambled so that an high pass filter can be inserted to avoid the DC offset problems
[10, 34]. An other application is the use as only a second stage in a combined IF - zero-IF
receiver topology [14],[15]. It has however been shown that with the use of dynamic non-
linear DC-correction algorithms, implemented in the DSP, the zero-1F topology can be used
for high performance applications like GSM and DECT [1],[16].

In recent years new receiver topologies, like the quasi-I1F or wide-band-1F receiver [3,33]
and the low-IF receiver [2,37] have been introduced for the use in high performance
applications. The wide-band-IF receiver uses a quadrature down-conversion to an IF
frequency, followed by a further quadrature down-conversion to the baseband. The channel
selection is done with the second local oscillator on the IF frequency, giving the advantage
that a fixed frequency first local oscillator can be used. However care has to be taken in the
accuracy of the first quadrature down-converter , because any phase error will result in a
reduction of the mirror signal suppression and hence again HF filters are required to improve
the mirror signal suppression. Moreover a high IF is required in order to obtain a sufficiently
high ratio between the IF frequency and the full band of the application. Otherwise the
tunability of the second VCO must be to large. On the other hand the first stage of mixers can
not be a true down-conversion mixers in the sense that they still require a wide-band output
bandwidth which is a drawback for the noise performance of the system. Finally a multistage
topology inherently requires more power.

The low-IF receiver performs a down-conversion from the antenna frequency directly
down to, as the name already indicates, alow IF (i.e. in the range afew 100 kHz) [2]. Down-
conversion is done in quadrature and the mirror signal suppression is performed at low
frequency, after down-conversion, in the DSP. The low-IF is thus closely related with the
zero-IF receiver. It can be fully integrated (it does not require a HF mirror signal suppression
filter) and uses a single stage direct down-conversion. The difference is that the low-I1F does
not use baseband operation, resulting in a total immunity to parasitic baseband signals,
resolving in this way the main disadvantage of the zero-IF receiver. The drawback is that the
mirror signal is different from the wanted signal in the low-IF receiver topology, but by
carefully choosing the IF frequency an adjacent channel with low signal levels can be selected
for which the typical mirror signal suppression (i.e. a3’ phase accuracy) is sufficient.

4. Fully Integrated CM OS Down-converters

The most often used topology for a multiplier is the multiplier with cross coupled
variable transconductance differential stages. The use of this topology or related topologies
(e.g. based on sguare law) in CMOS is limited for high frequency applications. To avoid
distortion problems large Vgs-V+ values or a large source degeneration resistance must be
included, which results in large power drain and noise problems. This can be avoided by
replacing the bottom differential pair by a pseudo differential topology with MOS transistors
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in the linear region [17]. An often proposed technique in CMOS down-conversion is
subsampling on a switched capacitor amplifier [5],[18],[19]. The MOS transistor is here used
as a switch with a high input bandwidth. The wanted signal is commutated via these switches.
Subsampling is used in order to be able to implement these structures with a low frequency
opamp. The switches and
the switched capacitor AN
circuit run at a much lower
frequency (comparable to
an |IF frequency or even
lower). The clock jitter rRF [qq
must however be low so D— /.| I
that the high frequency —
signals can be sampled | oo
with a high enough
accuracy. The disadvantage
of subsampling is that all
signals and noise on
multiples of the sampling
frequency are folded upon
the wanted signal. The use
of a high quality HF filter
in combination with the Il
switched-capacitor
subsampling topology is Qo
therefore absolutely
necessary. Sl

Fig. 2 shows the block Fig. 2 : A double quadrature down-conversion mixer
diagram of a fully
integrated quadrature down-converter realized in a 0.7 um CMOS process [2]. The proposed
down-converter does not require any external components, nor does it require any tuning or
trimming. It uses a newly developed double quadrature structure, which renders a very high
performance in quadrature accuracy (less than 0.3° in a very large passband). The topology
used for the down-converter is based on NMOS transistors in the linear region [6],[2]. In
combination with capacitors on the virtual grounds, only alow frequency opamp is required.
The MOS transistors in the linear region result is very high linearity (input 1P3 for the mixers
isover +45 dBm) for both the RF and the LO input. The advantages of such a high linearity
on both inputs are that the mixer can handle avery high IMFDR3, resulting in no need for any
kind of HF filtering.
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5. The Synthesizer

Thelocal oscillator is responsible for the correct frequency selection in the up- and down-
converters. Since the frequency spectrum in modern wireless communication systems must be
used as efficiently as possible, channels are placed very close together. The signal level of the
desired receive channel can be very small, whereas adjacent channels can have very large
power levels. Therefore the phase noise specifications for the LO signal are very high, which
makes the design of this
frequency synthesizer fref :
very critical. —— Phase Loop Filter fout

Meanwhile, mobile Detector LN V.C.O.

communication means
low power consumption,
low cost and low weight.
This implies that a fdiv

completely integrated

synthesizer is desirable, Prescaler
where integrated means
a standard CMOS

Fig. 3: PLL-based frequency synthesizer



technology without any external components or processing steps. Usually, the LO is realized
as a phase-locked loop as shown in figure 3. The very hard specs are reflected in the design of
the two high-frequency building blocks present, i.e. the Voltage-Controlled Oscillator (V CO)
and the Dual-Modulus Prescaler (DMP).

For the redlization of a gigahertz VCO in a sub-micron CMOS technology, two options
exist : ring oscillators or oscillators based on the resonance frequency of an LC-tank. The
inductor in this LC-tank can be implemented as an active inductor or a passive one. It has
been shown that for ring oscillators [21] as well as active L C-oscillators [22], the phase noise
isinversely related to the power consumption.

- . S o [
Ring osc. [21] @ L{Aw} ~KT. RDA 0 with g, =—=

. o _
Active-LC [22] : L{Aw} ~ ch 0 with g, =2wC (1)

Therefore, the only viable solution to a low-power, low-phase-noise VCO is an LC-
oscillator with a passive inductor. In this case the phase noise changes proportionally with the
power consumption :

Passive-LC [22] : L{Acd ~kT.R[gA%§ with g = ROuC? ()

As could be expected, the only limitation in this oscillator is the integrated passive
inductor. Equation (2) shows that for low phase noise, the resistance R (i.e. the equivalent
series resistance in the LC-loop) must be as small as possible. A low resistance also means
low lossesin the circuit and thus low power needed to compensate for these losses. Capacitors
are readily available in most technologies. But since the resistance R will be dominated by
the contribution of the inductors' series resistance, the inductor design is critical. Three
solutions exist.

Spiral inductors on a silicon substrate usually suffer from high losses in this substrate,
which limit the obtainable Q-factor. Recently, techniques have been developed to etch this
substrate away underneath the spiral coil in a post-processing step [7],[23]. However, since
there is an extra etching step required after normal processing of the IC's, this technique is not
allowed for mass production.

For extremely low phase noise requirements, the concept of bondwire inductors has been
investigated. Since a bondwire has a parasitic inductance of approximately 1 nH/mm and a
very low series resistance, very-high-Q inductors can be created. Bondwires are always
available in IC technology, and can therefore be regarded as being standard CMOS
components. Two inductors, formed by four bondwires, can be combined in a enhanced L C-
tank [22] to allow a noise/power tradeoff. A microphotograph of the VCO is shown in fig. 4
[25]. The measured phase noise is as low as -115dBc/Hz at an offset frequency of 200kHz
from the 1.8-GHz carrier. The power consumption is only 8mA at 3V supply. Although chip-
to-chip bonds are used in mass commercia products [28], they are not characterized on yield
performance for mass production. Therefore, the industry is reluctant to this solution.

The most elegant

solution is the use of a
spiral coil on a standard ﬁk‘l{“ DDDD DDEED—D \,

silicon substrate, without
any modifications. Bipolar
implementations do not
suffer from substrate S
losses, because they usually S
have a high-ohmic
substrate [24]. Most sub-
micron CMOS
technologies use a highly
doped substrate, and have
therefore large induced iy A Mi - i ; g
currents in the substrate. Fig. 4: Microphotograph of the bondwire LC-oscillator
which are responsible for
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the high losses [12]. The effects present in these low-ohmic substrates can be investigated
with finite-element
simulations. This

analysis leads to an | 2| /2

optimized coil design, /2 ma | 132

which is used in a | M — 1= Fout
spiral-inductor LC- Fino- gy —F2 Jar, o2

oscillator. Only two
metal layer are ot
available, and the Frequency
substrate is highly —

doped. With a power Control Mode
consumption as low Fig. 5: New dual-modulus prescaler architecture

as 6mW, a phase

noise of -116 dBc/Hz at 600kHz offset from the 1.8-GHz carrier has been obtained [29].

To design a high-speed dual-modulus prescaler, a new architecture has been developed
that is based on the 90-degrees phase relationship between the master and the slave outputs of
a M/S toggle-flipflop [26]. This architecture is shown in fig. 5. That way a dual-modulus
prescaler have been developed that is as fast as an asynchronous fixed divider. A 1.75-GHz
input frequency has been obtained at a power consumption of 24mW and 3V power supply.
At 5V power supply input frequencies above 2.5 GHz can even be processed.

The fully integrated VCO and dual modulus prescaler make it possible to integrate a
complete LO synthesizer in a standard CMOS technology, without tuning, trimming or post-
processing, that achieves modern telecom specs.

6. RF CMOS Up-converters

Until now mainly CMOS down-conversion mixers have been reported in the open
literature. It is only recently that CMOS Up-converters are presented and results are
demonstrated [27, 35]. In classical bipolar transceiver implementations, the up- and down-
converter mixers use typically the same four-quadrant topology. There are, however, some
fundamental differences between up- and down-converters, which can be exploited to derive
optimal dedicated mixer topologies.

In a down-conversion topology the two input signals are at a high frequency (e.g. 900
MHz for GSM systems) and the output signal is a low frequency signal of maximum a few
MHz for low-1F or zero-IF receiver systems. This extra degree of freedom has been used in
the design of very successful down-converter-only CMOS mixer topology [6].

For up-conversion mixers, the situation is totally different. The high frequent local
oscillator (L.O.) and the low frequent baseband (B.B.) input signal are multiplied to form a
high frequent output signal. All further signal processing has to be performed at high
frequencies, which is very difficult and power consuming when using current sub-micron
CMOS technologies. Furthermore, all unwanted signals like the intermodulation products and
L.O.-leakage, have to be limited to alevel below e.g. -30 dB of the signal level.

Many published CMOS mixer topologies are based on the traditional variable
transconductance multiplier with cross coupled differential modulator stages. Since the
operation of the classical bipolar cross coupled differential modulator stages is based on the
translinear behavior of the bipolar transistor, the MOS counterpart can only be effectively
used in the modulator or switching mode. Large L.O.-signals have to be used to drive the
gates and this results in a huge L.O.-feedthrough. Already in CMOS down-converters thisis
aproblem; in [9] e.g. the output signal level is-23 dBm with a L.O. feedthrough signal of
—30dBm, which represents a suppression of only -7 dB. This gives rise to very severe
problems in direct up-conversion topologies. Moreover, by using a square wave modulating
LO signal, 30 % of the signal power is present at the third order harmonic. This unwanted
signal can only be filtered with an extra external output blocking filter.

The problems above can be overcome in CMOS by linearly modulating the current of a
MOS mixing transistor biased in its linear region. For a gate voltage of Vi+v;,;, a drain
voltage of V,+v;,»/2 and a source voltage of V,-vi,/2 the current through the transistor is
given by :
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When the LO signal is connected to the gate and the baseband signal to v;,,, the current
contains frequency components around the LO due to the first term and components of the
baseband signal due to the second term in equation (3). Based on this principle a 1GHz up-
converter has been demonstrated in a standard CMOS technology [27] (seefig 6).

All unwanted measured
signals are below -30 dBc. If an
on-chip 500 Q load is used a
conversion gain of -10 dB can be
achieved for a0 dBm LO signal.
However, classical RF building
block interconnects use a
characteristic impedance of
50 Q. This implies that the
CMOS transmitter function
requires an extra power
preamplifier to drive the input
impedance of the external high
efficiency power amplifier block.
The implementation of this pre-
amplifier block is still a serious problem for present sub-micron technologies. The mixer of
figure 6 e.g. is implemented in a 0.7 um CMOS technology which achieves an ;5 Of only
6 GHz for a gate overdrive of 1V or agm/I ratio of only 2. Typical bipolar technologies used
for the implementation of 900 MHz fully integrated transceivers have cut-off frequencies of
over 20 GHz [14]. Due to the low gm/l of present sub-micron technologies for high
frequency operation, the power consumption in CMOS pre-amplifiers will be up to 20 times
higher than in bipolar. However, thanks to the rapid down-scaling of CMOS technologies,
the present CMOS building block realizations show that full CMOS transmitters with an
acceptable power consumption are feasible in very deep sub-micron CMOS, but some
considerable research has till to be performed.

Fig. 6: A 0.7um CMOS up-converter

7. Conclusions

The trend towards deep sub-micron technologies has resulted in the exploration by
several research groups of the possible use of CMOS technologies for the design of RF
circuits. Especially the development of new receiver topologies, such as wide-band-1F and
low-1F topologies, in combination with highly linear down-converters, has opened the way to
fully integrated down-converters with no external filters or components. However, due to the
moderate speed performance of the present sub-micron technologies, lower noise circuitsin
combination with less power drain have to be worked out. The trends towards deep sub-
micron technologies will alow to achieve those goals as long as the short channel effects will
not limit the performance concerning linearity and intermodulation problems.

High performance low phase noise, low power drain, fully integrated VCO circuits have
been demonstrated in CMOS. Starting with difficult post processing techniques research has
resulted in the use of standard CMOS technologies by using bondwires as inductors. Today,
even low phase noise performances with optimized integrated spiral inductors in standard
CMOS technologies without any post-processing, tuning, trimming or external components
have been announced. This opens the way towards fully integrated receiver circuits.

However, telecommunication systems are usually two-way systems, requiring transmitter
circuits as well. Only recently CMOS up-converters with moderate output power are
announced in open literature. Again, thanks to the trends towards deep sub-micron
technologies fully integrated CMOS transmitter circuits with an acceptable power
consumption will hopefully be feasible. This opens the way towards fully integrated
transceiver circuits in standard CMOS technologies.
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