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Highlights and Paradigm Shifts

adio-frequency (RF)

circuits came into

existence decades

before the invention

of the transistor. The
First World War motivated great
advances in wireless communica-
tions and radar design all based on
vacuum tubes. Then came the notion
of public radio and television, driv-
ing RF circuits into the consumer
market. By the mid-1940s, when the
bipolar transistor was conceived at
Bell Laboratories, vacuum-tube RF
design had become fairly mature [1].
Of course, the products drew high
power and failed frequently. Based
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on electron transport in a vacuum,
these components could operate as
only n-type devices, a stark con-
trast to what bipolar and MOS tech-
nologies would offer decades later.

The migration from tubes to transis-
tors took some years but subsequently
accelerated due to three advantages
of the latter: product lifetime, power
consumption, and cost. The much
smaller form factor was an additional
bonus. In this article, we briefly review
advances in RF circuits since then. The
article does not intend to offer a linear
or comprehensive history. Rather, our
ambition is to 1) understand how RF
designers mentality has evolved and 2)
identify some of the concepts that have
stood the test of time and still play a
key role in modern radios.

Vacuum Tubes Versus Transistors

While they had been under devel-

opment for decades, vacuum tubes

faced some fundamental drawbacks.

1) They required supply voltages of
100 400 V.

2) They consumed high power and
produced a great deal of heat.

3) They had a short lifetime.

4) They occupied a large volume
(about several cubic centime-
ters).

5) They were expensive to manu-
facture.

The transistor by far outperformed

(or was projected to outperform) the

tube in all these respects.

Another advantage of bipolar tech-
nology that would eventually materi-
alize was the ability to provide both
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(@) A vacuum-tube amplifier [3], (b) its multistage transistor counterpart [3], and (c) a modern example [4].

n-type and p-type devices. Also in-
teresting is that the early generations
included only pnp germanium transis-
tors, and it was in the 1960s that npn
silicon components became practical.
The use of complementary devices in
RF circuits would nevertheless have to
wait until CMOS took over.

One drawback of the bipolar tran-
sistor was its low input impedance as
compared to its megaohm tube coun-
terpart. While affecting bias network
design, this issue did not prove seri-
ous in RF circuits.

Transistorization

Having recognized the enormous poten-
tial of the bipolar transistor, compa-
nies such as Bell Laboratories and Radio
Corporation of America (RCA) swiftly
embarked upon transistorization [2].
The small form factor pointed to porta-
ble applications such as AM/FM radios,
and the low cost motivated usage in
television electronics.

As we examine the work reported in
the 1950s, we observe that most of the
early transistorization efforts simply
replaced vacuum tubes with bipolar
devices. Indeed, the vast knowledge
of electronic design developed in

previous decades was almost directly
applicable to transistor circuits. Basic
amplifier stages, for example, could
follow a simple mapping from tubes to
transistors (but with different biasing
schemes), and functions such as mix-
ing and oscillation were based on the
older topologies as well.

Tube-transistor mapping is evident
in the push-pull class-B amplifier
disclosed in a patent filed in 1950
by Bell Telephone Laboratories [3].
Shown in Figure 1(a) and (b) are the
two implementations, both remark-
ably similar to today s structures in
Figure 1(c) [4].

Kahn’s polar modulation system [5]. AF: audio frequency; KC: kilocycles per

second (kHz); Osc.: oscillator; XTAL: crystal.
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1952: Polar Modulation Is Born

As the oldest modulation scheme, AM
had naturally created a demand for
linear transmitters (TXs) and power
amplifiers (PAs), leading to numerous
linearization techniques. The prin-
cipal difficulty with most of these
methods was that they required some
PA linearity even before correction
was applied. In 1952, Kahn introduced
envelope elimination and restora-
tion, later called polar modulation
[5]. As depicted in Figure 2, the idea
is to separate the envelope and phase
components, amplify them indepen-
dently, and combine them in the last
stage. The high-power output stage,

A mixer-first RX from 1954 [6].

(C)

in principle, requires no linearity,
thus achieving great efficiency.

The complexity of polar modulation
did not allow its widespread use at the
time, especially in (cost-sensitive) con-
sumer products. But the idea reemerged
four decades later and found its way
into mobile devices [26], [27].

1954: Mixer-First Receivers

Are Introduced

Frequency limitations of early tran-
sistors prohibited gain at RF, dic-
tating that the received signal be
immediately downconverted. This
was accomplished by either 1) an
oscillator into which the RF input was

injected or 2) a mixer transistor that
received both the input and the local
oscillator (LO) waveforms. Figure 3
shows an example of the latter for
pocket AM radios [6]. Here, the top
left transistor senses the antenna sig-
nal at its base and the LO at its emitter,
thus operating as a mixer. The transis-
tor on the bottom left employs trans-
former feedback to serve as the LO.
The intermediate-frequency (IF) out-
put is then applied to a number of gain
stages before it is detected. Another
example was reported by [2].

An interesting issue recognized
by [6] was that the emitter path of the
mixer transistor in Figure 3 presented

(b)

(@) A gigahertz amplifier from 1963 [7] and (b) its frequency response. GC: gigacycles per second (GHz).
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a low impedance to the LO, thereby
degrading the quality factor. Cost
and/or frequency limitations evi-
dently prohibited the use of a buffer
between the two.

1963: The Gigahertz Barrier

Is Conquered

As transistor manufacturing advan-
ced, it was possible to improve its
high-frequency characteristics. In the
1950s, radios operating up to 150 MHz
were reported. But it was in the 1960s
that microwave transistor circuits
began to appear. (The definition of
the microwave frequency range
has changed over the years.) Among
the earliest is the six-stage ampli-
fier shown in Figure 4(a) [7]. Incorpo-
rating a transistor type that exhibits
5 dB of gain at 2 GHz, the circuitrelies
on stripline structures for interstage
matching (shown by inductor sym-
bols). Also, the resistors in the top
and bottom rails ensure low-fre-
quency stability. As demonstrated in
Figure 4(b), the prototype provides a
flat gain of about 32 dB from 1.1 GHz
to 1.6 GHz. The author reports a
noise figure (NF) of 6.2 8 dB in this
range. Another example operating up
to 1.7 GHz was presented in 1965 [8].

1968: An Integrated Bipolar

RX Is Reported

By the late 1960s, bipolar technol-
ogy had matured enough to accom-
modate tens of devices on the same
chip. Using a process with f; =1 GHz
and a minimum transistor geometry
of 6 m, [9] reported in 1968 the
FM RX shown in Figure 5. The stages
consisting of Q;, Q,, and their feed-
back devices act as a transimpedance
amplifier (TIA) according to today s
understanding. Moreover, Qs serves
as a mixer and receives the LO through
Q. Interestingly, [9] first constructed
a breadboard prototype of the RX
to identify potential problems before
proceeding with chip fabrication.

1966 1969: RF CMOS Is Born

The use of MOSFETs for RF applica-
tions is not as recent as one might
think. In 1966, a master s thesis from

the U.S. Naval Postgraduate School
describes a MOS PA [10]. As depicted
in Figure 6, the PMOS class-C stage is
analyzed, and an efficiency of 57% is
predicted for a 15-mW output.

In 1968, two developments brought
MOSFETs farther into RF design. Ra-
fuse proposed the double-balanced
mixer shown in Figure 7(a) [11], dem-
onstrating a 40-dB improvement in the
dynamic range over the conventional
diode topology. The mixer achieved
a sensitivity of 120 dBm in a 1-kHz
bandwidth with a signal-to-noise ratio
of 10 dB. This result corresponds to an
NF of 14 dB. Moreover, Ikeda reported
the oscillator shown in Figure 8(a),

which was designed to use integra-
ted circuit fabrication techniques
[12]. Ikeda viewed the topology as a
Colpitts structure wherein transistor
T, replaces the capacitor that would
be tied between the drain and source
of T,. Alternatively, we recognize T,
and T, as a cross-coupled pair if we
include another tank in the drain of
the latter. Presented in Figure 8(b) is
a similar arrangement reported in
the 1990s [13].

One may argue that the forego-
ing examples do not represent true
RF CMOS circuits as they incorporate
discrete transistors. But, in 1969,
under a contract with the U.S. Army,

An integrated RX from 1968 [9]. GND: ground.

L out

..,,

A CMOS PA from 1966 [10]. RFC: radio-frequency choke.
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RCA developed the RX shown in Fig-
ure 9(a), where dual-gate PMOS tran-
sistors Q; Q, were grown on the same
substrate [14]. Transistor Q; acts as a
cascode low-noise amplifier (LNA),
and Q, as a mixer. Figure 9(b) shows
the chip photograph. Targeting mili-
tary FM radios in the range of 30

76 MHz, the chip takes advantage of
diode-connected transistors Q5 Q-
to define the bias points of Q; and
Q.. (Note that VS is a positive supply
voltage.) In fact, a closer examina-
tion reveals that Qg and Q, form a
current mirror. RCAs report also rec-
ommends that the LO be integrated

A CMOS mixer from 1968 [11].

()

on the same chip in future work.
Unfortunately, RF CMOS would lie
dormant for about two decades.

Mixing: Nonlinearity Versus

Time Variance

Much of the early work on RF systems
considered mixing as the time-domain
multiplication of two waveforms
in a nonlinear circuit. Approxi-
mated by a polynomial of the form
y(t) = wx(t) 2x3(t) Xt
the characteristic would sense the
sum of the RF signal and the LO
and generate their product through
even-order nonlinearity.

(b)

(@) A CMOS oscillator from 1968 [12] and (b) its counterpart from 1994 [13].

In 1963, however, Read proposed
that any device in which mixing
occurs can be represented by a lin-
ear network with time-varying com-
ponents [17]. In fact, Read assumed
that a transistor s current resembled
a square wave and hence computed
the conversion gain.

The significance of time-vari-
ant mixers was not appreciated
until later in that decade. Over the
years, it was discovered that 1) the
RF port of a mixer must be linear to
withstand blockers or at least pre-
serve the information in an AM sig-
nal and 2) the LO port must switch
abruptly and completely so as to
provide a high gain and low NF. One
could argue that the dual-gate mixer
in Figure 9(a) exemplifies such an
implementation, but [14] does not
teach these principles. These points
emerged only as the spectrum be-
came more crowded and RF interfer-
ers more abundant. The need for a
mixer with one linear port and one
switching port was fulfilled by Bilotti
and Pepper [18], as explained in the
next section.

Bilotti Versus Gilbert

In an article published in 1967,
Bilotti and Pepper present the cir-
cuit depicted in Figure 10(a), rec-
ognizing the need for complete
switching in the LO path [18]. They
assume a small signal level arriv-
ing at the top transistors and apply
the LO to the bottom pair. In the
1968 International Solid-State Cir-
cuits Conference (ISSCC), Bilotti
reports the same topology but with
the top devices acting as switches
and the bottom ones degenerated
for high linearity [Figure 10(b)] [19].
At the same conference, Gilbert
offers the topology shown in Fig-
ure 10(c), where both ports are lin-
ear [20]. We note that Bilotti upholds
the two principles described in the
previous section and should be
credited for the double-balanced
active mixer used today. Bilotti also
explains that the double-balanced
arrangement cancels the LO com-
ponent at the output.
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1970: SPICE Is Born

The development of SPICE at the Uni-
versity of California, Berkeley, in
1969 and 1970 has had a profound
and long-lasting impact on the semi-
conductor industry. In addition to
eliminating guesswork and tweaking
from breadboard implementations,
SPICE also changed the designers
empirical mindset to a methodical
and rigorous approach.

(@

While analog designers welcomed
SPICE, traditional RF and microwave
engineers did not readily embrace
it and preferred tools such as COM-
PACT [15] for analysis and design [16].
Nonetheless, SPICE would eventually
lead to a paradigm shift in RF design;
the reproducibility afforded by exten-
sive SPICE simulations meant that the
stages in an RF chain did not need
to (and should not) be individually

(@) A CMOS RX from 1969 [14] and (b) its die photograph.

(C)

(b)

matched and optimized, a point to
which we return later.

1975: Class-E PA Is Born

Recall that polar modulation relies on
an efficient nonlinear PA. Even if the
input of such a stage is driven by a
square wave, the output suffers from
slow transitions and resembles a
sinusoid because it delivers a current
to an RLC tank. Thus, it is difficult

(b)

©

(@) A mixer reported by Bilotti and Pepper [18] in 1967, (b) an improved mixer reported by Bilotti [19] in 1968, and
(c) a multiplier proposed by Gilbert [20] in 1968. (Parts of diagrams omitted for clarity.)
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(@) The class-E stage proposed by Sokal and Sokal [21] and (b) its nonoverlapping current and voltage waveforms.

(Red text added for illustration.)

to ensure that the PA transistor dis-
sipates minimal power.

In 1975, Sokal and Sokal proposed
the class-E PA topology for efficient
switching [21]. As depicted in Fig-
ure 11(a), the circuit strives for non-
overlapping current and voltage
waveforms [Figure 11(b)] and deals
with finite input and output transi-
tion times by proper load design. The
output network is selected such that
Vy satisfies three conditions.

1) As the switch turns off, V, remains
low long enough for the current to
drop to zero.

2) V4 reaches zero just before the
switch turns on.

3) dVx/dt is also near zero when
the switch turns on.

The class-E stage achieves a theoret-
ical efficiency of 100%, a consider-
able advantage over other nonlinear
PA topologies. The circuit has been
used extensively [22], [23], [24] [25].

An integrated direct-conversion RX from 1980 [34].

1980: An Integrated Direct-
Conversion RX Is Reported
Direct-conversion receivers date back to
the 1950s [88] but had faced severe prac-
tical issues. In 1980, Vance described
the RX shown in Figure 12, which was
integrated in an 800-MHz bipolar pro-
cess [34]. Targeting FM reception, the
chip consists of quadrature signal paths,
each containing its own LNA, an oscilla-
tor followed by a passive 90 phase
shift network, and a dual-modulus
frequency divider. This chip is fol-
lowed by external passive channel-
select filters and then by another
chip that performs detection and
further processing.

Vance makes a profound predic-
tion: the combination of direct con-
version and large-scale integration
is a very powerful means for future
development of radio receiver tech-
niques. Vance also addresses direct-
conversion issues in great detail and
explains, for example, that 1) differ-
ential RF paths minimize LO leakage
to the antenna, 2) a quadrature phase
error of 10 is maintained, and 3) no
significant interaction is observed
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An LNA with interstage matching [35]. TP: test point.

between the analog and digital por-
tions of the chip.

Invasion of Analog Designers

As the mobile phone began to find
popularity in the late 1980s, manu-
facturers focused on its cost, form
factor, and power consumption.
Traditional RF design in the giga-
hertz range had relied upon various
factory trims and adjustments and
was ill-prepared for mass produc-
tion of low-cost chips. Concerns
such as process, voltage, and tem-
perature (PVT) variability were not
addressed, and the low yield of

I1I-V (e.g., GaAs) wafers exacerbated

the problem. As an example, con-
sider the integrated LNA shown in

Figure 13 and targeting a 2-GHz

band around 7 GHz [35]. We observe

a number of issues here.

1) The bias currents are not estab-
lished by current mirrors and
can vary substantially with PVT.

2) The circuit draws more than 700 mW.

An integrated 1-GHz LNA from
1989 [36]
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Siemens’s 1990 (a) TX and (b) RX paths [41]. Div.: divider.
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3) The authors explain that the im-
pedance match at the input and
output of an amplifier must be
reasonably good and hence ap-
ply matching between every two
stages.

It was against this backdrop that
analog designers became interested
in RF systems. Having dealt with the
mass production of fairly complex
bipolar and CMOS circuits albeit
operating at lower frequencies they
were trained to aim for a high yield
and tackle PVT issues by on-chip tech-
niques such as bandgap references,
current mirrors, differential operation,
etc. They furthermore relied on SPICE
for simulations.

Facing the low quality of spiral
inductors in silicon processes, ana-

Siemens’ 1994 direct-conversion transceiver [42]. log designers also wondered whether

(@) (b) (©

(d)

(@) A CMOS mixer from 1993 [43], (b) an inverter-based LNA from 1996 [44], (c) a MESFET LNA from 1993 [45], and (d) a CMOS LNA
from 1996 [46]. (Parts of diagrams omitted for clarity.)
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interstage matching was necessary
in RF transceivers. One can observe
some of this mentality in the inte-
grated receivers of Figures 5 and 9.
Shown in Figure 14 is another exam-
ple of LNA design without matching
(except at the input) [36], achieving
an NF of less than 3 dB at 1 GHz. As
explained later, modern RF receivers
have completely departed from inter-
stage matching and prefer a high out-
put impedance for the LNA and a low
input impedance for the downcon-
version mixers.

1986 1988: RFCMOS Again

With the integration abilities of MOS
processes on the rise, RF MOS cir-
cuits were revisited in 1986 and 1987.
Song reported mixers and phase
shift networks realized in 1.75- m
CMOS technology [37]. Additionally,
Jindal described an NMOS LNA with
gain control that exhibited an NF of
about 11 dB at 1.5 GHz [39]. More-
over, Toh et al. proposed an NMOS
amplifier achieving a bandwidth of
760 MHz and an NF of 6.7 dB [38].
Also, a balanced modulator was dis-
closed by Garverick and Sodini [40].
RF CMOS still failed to find traction
with the market.

1990s: High Integration and RF
CMOS Third Time Is a Charm

The 1990s witnessed explosive
growth in RF design, primarily fueled
by the cellular and cordless phone
market. High integration levels natu-
rally led to a lower cost and smaller
form factor, but these radios exact-
ing performance requirements pre-
sented numerous difficulties. RX
dynamic range and blocker rejec-
tion, TX output power, and synthe-
sizer phase noise were among the
daunting challenges.

An early example of such endeav-
ors was reported by Siemens in
1990 [41]. Shown in Figure 15 are
the 900-MHz direct-conversion TX
and the heterodyne RX. Designed
for both linear and nonlinear mod-
ulation schemes used in cellular
standards such as Global System
for Mobiles (GSM) and Advanced

Mobile Phone System (AMPS), the
radio still relied on external LOs.
Siemens followed this work with a
direct-conversion transceiver in 1994
[42]. As depicted in Figure 16, the
bipolar radio includes an on-chip LO
but employs external channel-select
filters. In the same time frame, AT&T

A CMOS LC VCO from 1996 [47].

@

Bell Labs reported a bipolar GSM radio
as well [86], and so did Philips [87].
While product development grap-
pled with cellular radios stringent
demands, research turned its attention
to RF CMOS. A slew of building blocks
were introduced that demonstrated
the potential of CMOS technology.

(b)

(@) The MOS varactor structure and (b) its characteristics [48].

A CMOS PA from 1997 [49].
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Illustrated in Figure 17(a) is a 900-MHz
subsampling mixer reported in 1993
[43] achieving a third-order inter-
cept point of +27 dBm and an NF
of 18 dB. Figure 17(b) shows a
900-MHz inverter-based LNA with
NF = 2.2 dB [44]. A cascode LNA struc-
ture using inductive degeneration
had been reported in MESFET tech-
nology in 1993 [45] [Figure 17(c)]. A
CMOS counterpart followed in 1996

A CMOS RX from 1995 [50].

[46] [Figure 17(d)]. Another example
was reported in [28].

Low-noise LC voltage-controlled
oscillators (VCOs) were also of great
interest, motivating extensive work
both on their circuit topologies and
on improving the quality factor of
inductors. Figure 18(a) shows a VCO
using pn-junction diodes for tuning
[47]. The phase noise is 116 dBc/Hz
at a 600-kHz offset with a power

@

A CMOS TX from 1996 [51]. Seq.: sequence.

consumption of 6 mW. This work
recognizes that inductors reach a
higher Q if their shape approaches a
circle, offering octagonal geometry
as an approximation. Also important
is the authors observation that the
inner turns of a spiral degrade the Q
due to the skin effect while contribut-
ing little inductance. We follow both
of these principles in today s induc-
tor designs.

A key development in this decade
was the invention of the MOS varactor
in 1998 [48]. As shown in Figure 19(a),
the device is formed by placing an
NMOS transistor within an n-well
so as to obtain a monotonic capaci-
tance-voltage (C-V) characteristic [Fig-
ure 19(b)]. A key property here is that
the C-V plot scales with the technol-
ogy (i.e., the gate oxide thickness),
allowing low-voltage design. This
stands in contrast to the unscalable
behavior of pn-junction varactors.

Other RF building blocks material-
ized in CMOS technology as well. In
1994, 1.6-GHz dual-modulus prescal-
ers were reported [84], and in 1995,
they reached a speed of 1.8 GHz [85].
In 1997, the 2.5-V 1-W PA shown in
Figure 20 was reported [49]. Imple-
mented in a 0.8- m process, the
850-MHz prototype exhibits a small-
signal gain of 30 dB and a power-added
efficiency of 42%. Only the matching
network driven by M, is off chip.

RF CMOS design has owed a con-
siderable part of its success to the
extensive device modeling efforts
undertaken in that time period (and
later). The noise behavior of MOS
devices and loss mechanisms in in-
ductors and varactors were among
the critical effects that eventually
lent themselves to accurate models.

The next phase in RF CMOS re-
search dealt with system design,
namely, receivers, transmitters, and
synthesizers. Figure 21(a) depicts a
900-MHz RX example employing a
low-IF topology [50] achieving a total
gain of 9.2 dB and an NF of 24 dB.
Figure 22 shows a 900-MHz TX deliv-
ering an output power of +5 dBm
[51]. A 1.8-GHz synthesizer was also
described in [52].
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