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Abstract— The performance of radio-frequency
integrated circuit (RFIC) blocks such as low noise
amplifiers (LNA) or mixers is enhanced by achiev-
ing a simultaneous noise and power match at the
input. This paper presents a design strategy for
achieving this match for circuits built from bipo-
lar transistors with inductive degeneration. The
strategy is applied to the design of a 17.35 GHz
LNA and a 17.35 GHz direct down-conversion
mixer. Simulated results with extracted parasitics
show a simultaneous noise and power match for
both the LNA and mixer. The results for these
two components are compared with those previ-
ously published by other authors.

I. INTRODUCTION

“Wireless” has promised and delivered the
ability to connect to other devices, users and
networks at anytime and anywhere. However,
“Wireless” has not yet delivered that connectiv-
ity at very high data rates. Current wired and
optical data rates are in the gigabit-per-second
range, while current and up-coming wireless pro-
tocols deliver connection rates that are at best in
the 10’s of megabits-per-second range. Figure 1
gives an overview of various connection rates for
cellular, wireless local area networks, and per-
sonal area networks. [1], [2], [3]

The Gigabit Radio is a prototype 4th genera-
tion wireless local area network being developed
by researchers at TRLabs. One of its goals is to
vastly improve wireless network data rates. Re-
searchers at TRLabs and the University of Cal-
gary have also started the GigaRFIC project.
Its goal is to create radio-frequency integrated
circuit (RFIC) components for the Gigabit Ra-
dio terminals. The long term goal is to inte-
grate these RFIC components, along with the
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baseband and digital logic blocks, to create a
transceiver-on-a-chip.

This paper is organized as follows. Section II
will outline system aspects of the Gigabit Ra-
dio system that affect the design of the Giga-
RFIC terminal components. Section III will con-
tain an analysis of the simultaneous noise and
power matching problem for bipolar transistors.
A strategy for achieving this optimum condition
will then be presented. Section IV will present
the design of a 17.35 GHz low noise amplifier
(LNA). Simulated results will be presented and
compared with previously published works. Sec-
tion V will present the design of a 17.35 GHz
down-conversion mixer. Simulated results will
again be presented and compared with previous
works. Finally, Section VI will present conclu-
sions and directions for future research.

II. SYSTEM ASPECTS

The Gigabit Radio system has many differ-
ences from conventional wireless networks, such
as its high frequency of operation. However, it
also shares some requirements with conventional
wireless systems, such as low power consumption.
Several choices have been made at the system
level that must be discussed so that the design
constraints on the GigaRFIC components can be
understood.
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Fig. 2. GigaRFIC System Block Diagram

A. High GHz Operation

While conventional wireless LANs operate at
frequencies in the 2.4 GHz and 5 GHz bands,
the Gigabit Radio system operates at 17.35 GHz.
The system requires 400 MHz of continuous spec-
trum that cannot be found in lower frequency
ranges. This requirement of high-GHz opera-
tion is a unique design constraint under which
the GigaRFIC components must be designed. To
achieve reasonable performance at 17.35 GHz, a
SiGe BiCMOS process (fr =~ 50 GHz) was se-
lected for RFIC implementation.

B. Low Bit Error Rate

The Gigabit Radio system also targets very
low bit error rates for wireless transmission. The
400 MHz of input channel bandwidth raises the
receiver noise floor significantly, making this diffi-
cult to achieve. A potential solution to this prob-
lem is to increase the transmitted power, but this
can only be done to a certain extent. As a result,
the RFIC blocks must also be designed to mini-
mize the total receiver noise figure. Basic system
theory [4] shows that noise figure for a series of
cascaded blocks is

NF;, -1
G1

NF; —1
G1G2

NFys=NF, + - (1)

This illustrates that the system noise figure is
strongly influenced by the noise figure and gain
of the first blocks in the chain. This necessitates
an LNA and a mixer with high gains and low
noise figures.

C. Low Power

Since the terminal devices will be wireless,
they will also be battery powered. This means
that RFIC blocks must also be designed with
power consumption minimized.

The block diagram for the GigaRFIC transceiver
is shown in Figure 2. The receiver is a direct
conversion receiver that minimizes the number of
RFIC blocks and external components. This will
reduce system complexity and power consump-
tion. Direct conversion transceivers have several
design implementation issues that will not be dis-
cussed here. The interested reader is referred to
[5], [6], [7] for those issues and their solutions.
Direct conversion transceivers are a current in-
dustry trend with several systems having recently
been implemented. [8], [9], [10]

III. SIMULTANEOUS NOISE AND POWER
MATCHING

As mentioned in Section II, in order to achieve
low bit error rates, the noise figure of the sys-
tem must be minimized so that sufficient SNR
remains at the output of the receiver for low bit
error rate communications. Equation (1) shows
that both the gain and noise figure of the LNA
have a strong effect on the overall receiver noise
figure. The LNA must be designed with these
two parameters in mind. The mixer is the sec-
ond block in the receiver chain and its noise figure
and gain will also have some effect on the total
system noise figure. A design strategy to address
these issues will be developed in this section.



A. Optimum Source Admittance

The development of this strategy begins with
an analysis of the noise properties of a BJT in
common-emitter configuration. Classical two-
port noise theory allows all of the inherent
noise sources to be amalgamated into two noise
sources, an input referred noise current and an
input referred noise voltage, that are then placed
in front of the now noiseless transistor. This sit-
uation is illustrated in Figure 3.
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Fig. 3. Two-port network with noise sources input re-

ferred

The noise figure of a two port network, with
its noise sources input referred is a function of
its source admittance (Y, = G4 + jBs). The
noise figure of this two port can be minimized by
selecting an optimum source admittance (Ys,,, =
Gs,,+3JBs,,,). This NF,;, and optimum source
admittance are then found to be:
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where
R, = 4kT AT f is the equivalent noise resistance.

G, = 1 kT AT 7 is the equivalent noise conductance

C, = gjlz(:,f‘x f), is the real part of the correlation

between the input referred noise sources.
Ci = 73;;(;&0)7 is the imaginary part of the cor-

relation between the input referred noise sources.

Several authors have derived equations for the
NF,,;» of a bipolar transistor based upon small
signal and DC parameters. [11], [12], [13], [14]
This leads to the fact that Y, , can be manipu-
lated by changing transistor dimensions and bias
currents. Specifically, an RFIC designer has con-
trol over the emitter length, lemitter, and collec-

tor current, Ic.
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B. Optimum Collector Current Density

In addition to minimizing the noise figure by
providing Y;, = Y, it is possible to further
minimize N Fj,;, by selecting the proper collec-
tor current density (Jo,,,). [11] first identified
that N F,;n depended upon I¢ and [14] further
elaborated upon the fact that N F,,;, is in fact
dependent upon Jg,,,. To quickly verify this,
a sweep was done with a SiGe transistor in the
Cadence simulator to produce Figure 4. An in-
teresting trade-off is illustrated in Figure 4: col-
lector current biasing for low noise decreases the
transistor fr. Thus for a given fr, low noise op-
eration becomes difficult as frequencies increase.

C. Inductive Degeneration

Power transfer into a device can be maximized
by having the device input admittance Y;, match
the conjugate of the source admittance Y. This
is one very important factor in maximizing the
gain through the two-port. However, the power
matching admittance is not necessarily the same
as the Y, , described in Section ITI-A.

To achieve greater design flexibility over com-
mon emitter input admittance, a technique called
inductive degeneration is employed. Figure 5
shows the complete small signal model of the
BJT with a degeneration inductor placed at
the emitter terminal. Ignoring all noise sources
(shown in grey) in Figure 5 for the moment, the



input admittance can be derived as:
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With careful inspection, we find that Y;, is a
function of lemitter, LE, and Io.

We now expand the derivations for Y ,shown
in [12] to include the case of inductive degenera-
tion. This is done by applying standard two-port
noise theory to the small-signal schematic (with
noise sources) in Figure 5.
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D. Noise Power Match Strategy

Substituting (8)—(12) into (3) and (4) allows
Y;,,. to be determined based upon lemitter and
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Fig. 5. Bipolar transistor small-signal model with induc-
tive degeneration and noise sources

Lg. Similarly, Y;, can be determined through
(5). These equations are plotted against data
from Cadence simulations in Figure 6 and show
relatively good agreement.

A strategy for noise and power matching is now
evident. The NF,,;, of a transistor can be min-
imized by determining J¢,,,. The input admit-
tance (for power matching) is simply a function
of lemitter and L. [Note: Io is determined by
JCOPt X Wemitter X lemittar and Wemitter is assumed
to be fixed.] The optimum source admittance is
also a function of lepmitter and L. What is left is
to find the set of lgitter and L g values that sat-
isfy the simultaneous noise and power matching
condition:

Y,

sopt = Yin (13)
This is done very easily with a mathematical sim-
ulator such as Matlab. The mismatch between
Y,,. and Y}, can be calculated in a similar man-
ner that in which reflection co-efficients are cal-

culated.

. t h Ysopt 5/;:7, < 1 (14)
mismatch = V. sy Sh
A contour plot of (14) in lemitter — LE space

is given in Figure 7. It clearly shows that there
are a large number of l.pitter — Lg value pairs
that yield simultaneous noise and power matches.
The strategy so far has been done without any
mention of matching to 5052, which especially in
the case of the LNA, would be the most likely
source impedance driving it. This matching can
be achieved with either on-chip or off-chip pas-
sive matching circuits connected to the base of
the common emitter transistor. In the specific
case of the LNA and mixer in this paper, an on-
chip base inductor and shunt pad capacitances
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form an L-matching network to transform the
off-chip 502 impedance into the simultaneous op-
timum impedance for noise and power matching.

IV. LNA DESIGN

The LNA schematic is shown in Figure 8. It
is a two stage design featuring a common emit-
ter first stage and a cascode configuration sec-
ond stage. Biasing details are omitted from the
schematic, however both stages are biased at the
Je,,, for Q1 and Q2. All inductors are on-chip
planar spiral inductors constructed from 2pm
thick top level metal.

The first stage of the LNA consists of a sin-
gle transistor Q1 biased at its optimum collector
current density. The emitter length is sized in
conjunction with the inductance of spiral induc-
tor Lg such that the Q1l’s Ys_, is equal to Yj,.
Spiral inductor Lp and shunt parasitic pad ca-
pacitance (~90fF) are used to impedance match
the input of the first stage to 50€2. Because of
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RFout

Lg, the g, and hence the gain of this stage are
degenerated. As such, it is necessary to add a
second stage to the LNA to increase the gain.

The second stage is made up of transistors Q2
and Q3 in a cascode configuration. No emitter
inductor is used on Q2 so as to keep the gain
of this stage un-degenerated and thus high. Q2
is still biased at its Jc,,,. L1 and Cy form an
L-match between the first and second stages of
the LNA. These elements provide an impedance
to Q2 that is a compromise between one that
maximizes second stage gain and one that min-
imizes the noise figure of the second stage. Q3
was sized smaller than Q2 in order to boost its
fr. The on-chip spiral inductor Lo and capac-
itors Cy4 and Cop form a three element match
that matches the output of the LNA to 5092 for
testing purposes.

A layout was generated for the LNA; it is
shown in Figure 9. Care was taken to minimize
layout area and trace lengths while still maintain-
ing minimum separation distances between spiral



Fig. 9. LNA Layout
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inductors of at least 80um. The layout including
pads occupies an area of 910um x 1060um.

Parasitics were extracted from the layout and
added to the simulation netlist. Simulated re-
sults including all layout parasitics are shown be-
low. Figure 10 shows a simulated forward gain
of 19.2 dB. Figure 11 shows that simulated noise
figure of the LNA is 4.5dB, just 0.1dB above the
NF,,;, for the LNA. S1; and Soy are plotted in
Figure 12. Both are below -10dB across the sys-
tem bandwidth. A simultaneous noise and power
match has been achieved. The LNA is biased
with 4.5mA from a 3.3V power supply.

This 17.35 GHz LNA is compared with other
high-GHz RFIC LNAs in Table I. This LNA
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provides an amount of gain that is comparable
with [15]. The simulated noise figure matches
well with other LNAs operating at 15 GHz and
above. Note that higher fr processes can achieve
lower noise figures as the operating frequency is
farther away from fp. This explains the slightly
better noise performance in [15] and in the 6 GHz
LNAs such as [16].



Source Technology Frequency | S11 Gain | Sy Noise Figure
(GHz) (dB) | (dB) | (dB) (dB)
[16] SiGe (fr=40 GHz) 6.00 -12 16.0 | -12 1.9
[17] SiGe (fr=80 GHz) 6.20 31.0 1.3
[17] Si (fr=52 GHz) 9.50 21.0 2.8
[17] SiGe (fr=80 GHz) | 10.50 26.0 2.0
[18] SiGe (fr=80 GHz) | 15.00 -10 12.0 4.0
[15] SiGe (fr=90 GHz) | 23.00 21.0 4.1
This Work | SiGe (fr=50 GHz) | 17.35 -18 19.5 | -14 4.5
TABLE I

COMPARISON WITH LNAS FROM PREVIOUS WORKS

V. MIXER DESIGN

The schematic for the mixer core is shown in
Figure 13. It is a fully balanced mixer with differ-
ential inputs (RF and LO), and outputs. DC bias
circuitry has been omitted for clarity. On-chip
passives Lignk and Ciani form a resonant tank
that resonates at the RF frequency (17.35 GHz).
Transistors Q1 and Q2 make up the Gm-pair
that converts the applied RF voltage signal to
an RF current. That current is fed into the tails
of two emitter coupled pairs (Q3-Q4 and Q5-Q6).
These four transistors make up the mixing quad.
Its function is to switch the RF current across
two loads in response to an applied differential
LO voltage. The loads for the mixer are resis-
tive loads because the mixer is intended for di-
rect down-conversion as described Section II-C.

The design of the GM-pair within the mixer
core borrows heavily on the design strategy de-
veloped for the LNA. Again, Q1 and Q2 are bi-
ased at their J¢,,, to minimize their noise figures.
Emitter lengths and emitter degeneration induc-
tors are sized to achieve simultaneous noise and
power match at the input.

The mixing quad consisting of Q3-Q6 is de-
signed to behave as closely to an ideal switch as
possible at 17.35 GHz. Q3-Q6 are sized smaller
than Q1-Q2 such that their fr are maximized.
Switching noise is transferred to the mixer out-
put at the instants where both sides of the mix-
ing quad are “on”. By maximizing the fr’s of
the mixing quad transistors, more ideal switch-
ing and thus a lower noise figure results. [19]

Additional circuitry to facilitate testing was in-
cluded on-chip. The LO buffer in Figure 14 is

Fig. 13. Mixer schematic

simply an active balun that takes a single-ended
LO test signal and converts it to a 400mV,_, dif-
ferential signal that is then applied to the LO in-
puts of the mixing quad. At the output, the base-
band signal needs to be converted from double-
ended to single ended. This is done with the
baseband amplifier which is another active balun.
The baseband amplifier is designed to match the
output to 5002 and to provide =~ 9dB of gain to
counter the 6dB loss incurred from going to a
single-ended signal. The baseband amplifier is
shown in Figure 15.

The layout for the mixer test chip is shown in
Figure 16. The chip utilizes the same 910um x
1060pm pad frame as the LNA for ease of test.
Great attention was paid to symmetrical layout
as most circuits are differential. The layout was
also made as compact as possible to minimize
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parasitics while still maintaining a minimum in-
ductor spacing of 80um.

Parasitics were extracted from the layout and
included in the simulation netlist. The simu-
lated noise figure and N F,,;, are presented in
Figure 17. The single sideband (SSB) noise fig-
ure is less than 0.3dB above the SSB NF,,;,.
However, as this is a down conversion mixer in-
tended for direct conversion, the double sideband
(DSB) noise figure is the more appropriate mea-
sure. Therefore the noise figure for the mixer test
block is 10.8dB. Input return loss (S11) is plot-
ted in Figure 18. A good input match is achieved
across the system band. The mixer is simultane-
ously noise and power matched. Conversion gain
from 17.35 GHz down to DC is also plotted in
Figure 18. The conversion gain for the mixer
test block is 12.7dB. The mixer core is biased
with 5.4mA of current from a 3.3V supply.

A literature search for RFIC mixers targeting

Fig. 16. Mixer Layout
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Source Technology Frequency IF Gain | IIP3 | Noise Figure
(GHz) (GHz) | (dB) | (dBm) | DSB (dB)
[20] SiGe (fr=50 GHz) | 11.2 1.25 16.1 . 9.4
[21] Si (fr=50 GHz) 17.0 0.24 5.4 -9.9 8.8
[21] SiGe (fr=80 GHz) | 20.0 0.24 10.0 | -11.3 6.0
[22] SiGe (fr=50 GHz) | 20.0 1.00 10.0 -1.0 17.0
[23] SiGe (fr=80 GHz) | 30.0 0.30 5.9 . 10.0
This Work | SiGe (fr=>50 GHz) | 17.35 0.00 12.7 | -14.0 10.8
TABLE II

COMPARISON WITH MIXERS FROM PREVIOUS WORKS

operation above 10 GHz was performed. The re-
sults, along with the simulated results for this
mixer are presented in Table II. This mixer
achieves good performance in terms of gain and
noise figure with a relatively low fp process.

VI. CoONCLUSIONS AND FUTURE WORK

This paper has presented a simultaneous noise
and power matching strategy for bipolar transis-
tors utilizing inductive degeneration. It matches
the transistor’s arbitrary Ys,_, to Y, by adusting
lemitter and Lp. The technique was employed
in the design of a 17.35 GHz LNA. The LNA
achieved simulated gain and noise figure of 19dB
and 4.5dB respectively. The noise and power
match strategy was also employed in the design
of a direct down-conversion 17.35 GHz fully bal-
anced mixer. The mixer achieved a simulated
conversion gain of 12.7dB and a DSB noise fig-
ure of 10.8dB. These results are achieved with a
relatively low fr fabrication process.

Future work on the GigaRFIC project will in-
volve testing the LNA and mixer. Fabricated de-
vices are expected back in the last half of 2002.
These devices will be tested with on-chip wafer
probes, and with a flip-chip packaging technique.
Future GigaRFIC blocks such as the VCO and
PLL are being developed by other researchers at
TRLabs and the University of Calgary.
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