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Abstract—Sixty-gigahertz power (PA) and low-noise (LNA)
amplifiers have been implemented, based on algorithmic de-
sign methodologies for mm-wave CMOS amplifiers, in a 90-nm
RF-CMOS process with thick 9-metal-layer Cu backend and
transistor fr/fumax of 120 GHz/200 GHz. The PA, fabricated
for the first time in CMOS at 60 GHz, operates from a 1.5-V
supply with 5.2 dB power gain, a 3-dB bandwidth >13 GHz, a
P48 of +6.4 dBm with 7% PAE and a saturated output power of
+9.3 dBm at 60 GHz. The LNA represents the first 90-nm CMOS
implementation at 60 GHz and demonstrates improvements in
noise, gain and power dissipation compared to earlier 60-GHz
LNAs in 160-GHz SiGe HBT and 0.13-pzm CMOS technologies. It
features 14.6 dB gain, an ITP; of —6.8 dBm, and a noise figure
lower than 5.5 dB, while drawing 16 mA from a 1.5-V supply.
The use of spiral inductors for on-chip matching results in highly
compact layouts, with the total PA and LNA die areas with pads
measuring 0.35 X 0.43 mm? and 0.35 X 0.40 mm?, respectively.

Index Terms—Characteristic current densities, CMOS mil-
limeter-wave integrated circuits, farax, fr, inductors, low-noise
amplifier (LNA), millimeter-wave, noise figure, power amplifier
(PA), receiver, transformers, V-band, 60 GHz.

1. INTRODUCTION

ECENT interest in the 60-GHz band for high-density,
Rshort-range wireless links has led to significant progress
in the development of integrated circuits for low-cost mm-wave
radio systems [1]-[7], [32]. The large bandwidth available in
this frequency range, with at least 3 GHz of overlap worldwide
(59-62 GHz) in the U.S., Europe and Japan, is well-suited for
applications such as WPANs and gigabit/s point-to-point links.

Although millimeter-wave radio front-end ICs have tradition-
ally been the domain of III-V compound semiconductors such
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as GaAs and InP, an increasing number of 60-GHz building
blocks and systems have been recently reported in advanced
SiGe BiCMOS [1]-[4], [8], [32] and CMOS technologies
[5]-[7] to meet the cost, size and power consumption needs
of the consumer marketplace. CMOS is particularly attractive
for its potential of integration with IF and baseband DSP func-
tions, enabling true systems-on-chip. As CMOS technology
is scaled into the nanometer range, the transistor Ip — Vs
characteristics in the saturation region become linear while the
transconductance, minimum noise figure (NFyin), fr, and
fuax improve. Additionally, when biased at current densities
between 0.15 mA/pm and 0.4 mA/pum, these figures of merit
(FoMs) become almost insensitive to Ip and Vgg variation [9].

In this paper, the potential of 90-nm RF-CMOS for 60-GHz
transceiver front-ends is explored in the implementation of two
critical building blocks—the power amplifier (PA), demon-
strated here for the first time at 60 GHz in CMOS, and the
low-noise amplifier (LNA). The LNA is a CMOS replica of a
noise- and impedance-matched, 2-stage cascode SiGe BiCMOS
LNA [1]. It employs series inductors between the common
source (CS) and common gate (CG) transistors for improve-
ments in gain, noise and bandwidth. While earlier 60-GHz
LNA implementations in 0.13-pm CMOS [6], [7] have shown
the potential of mainstream CMOS technology for mm-wave
circuits, this work proves the benefits of technology scaling and
demonstrates FoMs comparable to those of SiGe-HBT LNAs
[1], [2]. The power amplifier remains an important bottleneck in
full transceiver integration, and the problems of low breakdown
voltage and low power density are further exacerbated by the
move to nanoscale CMOS for mm-wave operation. The 3-stage
Class-A PA presented in this work takes advantage of the
invariance of the maximum linearity bias current density across
technology nodes and aids in evaluating the feasibility of a
fully integrated CMOS transceiver at 60 GHz. By relying solely
on inductors as on-chip matching elements, both amplifiers
achieve smaller area as well as lower power consumption than
previously published 60-GHz CMOS circuits.

The device level performance and modeling approach for
nanoscale CMOS LNA and PA design are discussed in detail
in Section II. The feasibility of implementing compact on-chip
passives at mm-waves in CMOS is also illustrated through the
examples of spiral inductors for on-chip impedance matching
and a transformer for single-ended-to-differential conversion
which was measured up to 94 GHz. A design methodology for
mm-wave CMOS LNAs is presented in Section III. Section IV
focuses on the 60-GHz PA design and finally, experimental
results for both amplifiers are discussed in Section V.

0018-9200/$25.00 © 2007 IEEE
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Fig. 1. Measured maximum available gain for cascode and single-transistor
configurations in 90-nm CMOS and several SiGe BiCMOS technologies:
Wg = 0.18 gm, 160 GHz fr/fumax; We = 0.13 pm, 230/290 GHz
fr/fuax; and Wy = 0.17 pm, 160 GHz fr/fmax; the MOSFETSs and
HBTSs were biased at Vps = 0.7 V and Vog = 1.2 V, respectively.

II. 90-nm RF-CMOS TECHNOLOGY

A. Millimeter-Wave Transistor Performance and Modeling
Approach

To evaluate the merits of nanoscale CMOS for mm-wave ap-
plications, we first examine the transistor performance in this
frequency range and develop robust algorithmic and scalable
design methodologies for amplifiers based on constant-current-
density biasing. Fig. 1 shows that, while still a few dB lower
than that of the most advanced 130-nm SiGe HBTs, the max-
imum available gain of 90-nm nMOSFETs is larger than 8 dB at
65 GHz. Furthermore, the application of constant-field scaling
rules to every new generation of CMOS since the 0.5-pm node
has resulted in constant peak fr, fumax current densities of
0.3-0.35 mA/pm and 0.2 mA/pm, respectively [9]. This is in
contrast to SiGe HBTs where the peak fr, fypiax current bias is
technology dependent, and simplifies the porting of mm-wave
CMOS circuits from one foundry to another. As shown in Fig. 2,
the peak fr current density remains constant for different finger
widths and for both the CS and cascode configurations. The min-
imum noise figure bias of nMOSFETs is Jopt = 0.15 mA/um,
irrespective of frequency and technology node [9]. This cur-
rent density is very close to the peak fyiax current density of
0.2 mA/pm and there is practically no degradation of power
gain when the nMOSFET is biased for optimum noise. The
characteristic current densities of MOSFETSs do not change with
threshold voltage, temperature, and gate length. While the peak
fr and peak fyiax values decrease with increasing temperature
and gate length (not with transistor V) [9], [10], by biasing the
MOSFETs at the characteristic current density, the circuit per-
formance is maximized for all temperatures, and for gate length
and threshold voltage process spread. Any other biasing scheme
would lead to wider circuit performance variation with temper-
ature and process spread.

In the design of linear mm-wave PAs, examining the flatness
of the fypax curve when plotted against Vs or Ipg is an effi-
cient method of linearity assessment, since fyjax is directly ex-
trapolated from power gain. As seen in Fig. 3(a), fyiax changes
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Fig. 2. Measured cascode fr and NFyin as a function of drain current per
unit gate width for 90-nm nMOSFETs and a 90-nm n-channel cascode.

by less than 11% (corresponding to the 1-dB compression point)
for bias current density swings of up to 0.4 mA,,,/ um, irrespec-
tive of the technology node and, in the 90-nm node, for gate
voltage swings of 0.45 V. This property, in conjunction with
a drain voltage swing larger than 2 V,;, as evident in the exper-
imental output characteristics and load line shown in Fig. 4, can
be applied to the design of highly linear power amplifiers. In PAs
the optimal linearity bias is located at slightly higher currents
than peak fyrax, coinciding with the peak fr current density
of about 0.3 mA /pum, for maximum current and voltage swing
before 1-dB compression. The impact of MOSFET scaling on
PA linearity can be seen in Fig. 3(a) and (b). While the current
swing remains constant across technology nodes Fig. 3(a), the
maximum input voltage swing for 1-dB compression decreases
with each generation of scaling Fig. 3(b). Hence, to achieve the
same output power in a newer technology node, the device size
and bias current must be increased to accommodate the drop in
allowable voltage swing.

Finally, in addition to constant peak fr/fyax bias cur-
rent densities, the gate-source, gate-drain, and parasitic
source/drain-bulk capacitance per unit gate width of p/nMOS-
FETs also remain largely unchanged across technology nodes
[11] at approximately 1 fF/um, 0.5 fF/pum, and 1.5 fF/um,
respectively. Similarly, the gate resistance can be easily calcu-
lated based on layout geometry, contact resistance and salicided
gate poly resistance data. A transistor finger width of 1 pm
leads to a good compromise between fr degradation due to
the gate-bulk overlap capacitance, Cgpo, and reduced gate
resistance R¢, thereby increasing fyax. The gate resistance
can be modeled as

Rysq Wy
3 N¢lg

+ R(‘,ont +
Ncont Nf

Rgsq la(‘,cess

Nf lg

Re = ey
where Ry is the gate sheet resistance per-square, Wy is the
finger width, N is the number of fingers, [, is the gate length,
laccess 18 the gate-contact-to-active distance, Rcopt is the con-
tact resistance and Nyt the number of contacts per gate finger.
The gate length in this case refers to the physical gate length of
65 nm, which corresponds to the physical width of the polysil-
icon trace at the end of the fabrication process. In layout, the
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Fig. 3. (a) Measured fyuax as a function of drain current per unit gate width for nMOSFETs across different technology nodes. (b) Measured fyrax versus Vgs

across different technology nodes.
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Fig. 4. Optimal load line for 90-nm common source nMOSFET stage on its
measured /-V characteristic. The breakdown voltage is larger than 3 V.

gates are contacted on one side to avoid metal overlap between
gate and drain, thereby minimizing C'gp. This results in a gate
resistance of about 100 €2 per 1 um gate finger and a source
resistance Rg of (200-250) 2 * um. Since Rg and R appear
together in the NF\j1n, RsopT and Ziy expressions of the tran-
sistor, further reduction in gate resistance has minimal impact.
The intrinsic and extrinsic peak transconductance of 90-nm
nMOSFETs biased in saturation are approximately 1.2 mS/um,
and 1 mS/pm, respectively. The measured noise parameters for
a cascode stage biased at 0.15 mA /pm are R,, = 1880 Q * um,
Rsopr = 1200 Q * pym (at 60 GHz) and XgopT = 50000 € *
GHz * pm. These properties, along with the invariance of the
fr, fmax and NFyn characteristic current densities across
technology nodes, allow for simple hand design equations of
tuned LNAs and PAs with better than 15% accuracy, even at
60 GHz and even in the absence of RF models. The designs of
both amplifiers in this paper were conducted mostly by hand
analysis based on measured data for the transistor and cascode
stage fr, fmax and NFyn, without RF MOSFET models and

without parasitic extraction (local capacitance and resistance)
from layout since they were unavailable at the time of design.

B. Millimeter-Wave Passives

A direct benefit of designing at mm-waves, and indeed also
one of the important enabling factors, is the reduced size of
on-chip passives. Significant area savings in the LNA and PA
implementations result from the exclusive use of spiral induc-
tors, rather than transmission lines, in the on-chip impedance
matching networks. Although the inductors are small enough to
be implemented as microstrip lines over metal-1 ground planes
[12], test structure measurements have indicated that the spiral
inductor implementation systematically leads to higher quality
factor (Q) for a given inductance value and die area. All induc-
tors are designed using the ASITIC software [13], whose accu-
racy at mm-waves has been repeatedly confirmed through previ-
ously fabricated inductor test structures in three different CMOS
and SiGe BiCMOS technologies from three different foundries
[1],[5],[12], [14]. Inductor 2—7 models extracted from ASITIC
simulations are used in the circuit schematics to capture the skin
effect and substrate parasitics at high frequencies. The die photo
of a 140-pH inductor fabricated in the top thick metal layer with
2 pm wide windings and spacing and occupying 29 pm x 29 pym
is reproduced in Fig. 5. The corresponding simulated and mea-
sured effective inductance and Q, larger than 20 at 60 GHz,
are shown in Fig. 6. The Q measurements are noisier beyond
40 GHz because the network analyzer itself has lower dynamic
range above 40 GHz. Moreover, since the inductance is small
(140 pH), with low resistance (0.75 Q at DC), comparable to
that of the probe-to-pad contact and interconnect, and because
the Q is high, the Q-f characteristics are more sensitive to mea-
surement error. This problem is similar to that of measuring the
fmax of small MOSFETs.

Single-ended-to-differential conversion is often required be-
tween a single-ended LNA output and the input of a double-bal-
anced mixer [1], [5]. Transformers provide the most compact
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Fig. 5. Die micrograph of spiral 29 p#m X 29 pm, 140-pH inductor with 2 grm
width and spacing implemented in the thick top metal of a 90-nm RF CMOS
Cu backend with 9 metal layers.
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Fig. 6. Measured (symbols) and simulated (lines) inductance and quality factor
for the 140-pH inductor. The inductor was simulated using ASITIC.

way for realizing single-ended to differential conversion up to
at least 100 GHz [14], [15]. Taking advantage of the multi-level
interconnect in the 90-nm RF-CMOS process, a 1:1 vertically
stacked 32 x 32 ym? transformer (Fig. 7) has also been designed
and fabricated. Implementing the transformer in two adjacent
metal layers ensures increased coil coupling and minimal area.
The measured So1, larger than —2 dB in the 60-94 GHz range
(Fig. 8), is better than in an earlier implementation in a 180-nm
SiGe BiCMOS process with a thick top Al layer [1].

III. 60-GHz LNA DESIGN

A. Millimeter-Wave CMOS LNA Design Considerations and
Methodology

The main design goals for the LNA are captured in the LNA
FoM (2) as defined by the ITRS [16], which links the gain (G)
and the noise factor (F') together with the linearity (ITP3):

GxUP3xf  OIP3x f

FoMuna = F-1)xP _ (F-1)xp 2

@

Achieving a good FoM for an LNA at mm-waves is nontrivial
since operating the CMOS devices at frequencies close to the
transistors’ fr values reduces their intrinsic gain and increases
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Fig. 7. (a) Design and (b) die micrograph of 1:1 vertically stacked 32 pm X
32 pm transformer in 90-nm CMOS.
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Fig. 8. Measured CMOS transformer So;.

their noise factor. The necessity of employing nanoscale tech-
nologies to achieve the desired operation at mm-waves leads to
reduced supply voltage and hence, limited headroom and lin-
earity.

In the design of the LNA, we chose the cascode topology
which, compared to the CG [7] or CS topologies, exhibits
better isolation, improved bandwidth and higher gain even at
mm-wave frequencies. The CMOS cascode topology can be si-
multaneously noise- and input-impedance matched. To improve
the performance of a cascode LNA at mm-wave frequencies, a
series inductor can be placed between the CS and CG transistors
to tune out the middle pole of the cascode and to compensate
for its lower fr. As shown in the topology of Fig. 9, the series
inductor Lj,; forms an artificial transmission line with the
gate-source and source-bulk capacitances of transistor Qo and
with the drain-bulk and gate-drain capacitances of transistor
Q1. The characteristic impedance of this line (Z,1) is equal
to the load impedance of Q; (3) as well as to the source input
impedance of Qo (4).

Ly
C(gSZ + Cst

1 N wLp1@Q
gma 14 gmaoros’

Zo1 = = ZQ1,load 3)

Zo1 = ZQQ,in = @

This technique has been successfully applied to low-GHz LNA
designs [17] and high-speed HEMT-CML circuits [18]. It is
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Fig. 10. Simulated fr as a function of L, for two different sizes of 90-nm
nMOSFET cascode structures.

also proving to be useful now at mm-waves. Using (3) and (4)
directly, without apriori knowledge of the load inductor Lp1,
is problematic. Instead, it was found by simulation and experi-
ment, that the optimal value of Lj; can be obtained simply by
simulating the fr and NFyx of the entire cascode, with induc-
tive broadbanding, as a function of Lj;. As shown in plots of
simulated f as a function of L, for 2 different sizes of 90-nm
nMOSFET cascode structures (Fig. 10), the fr of the CMOS
cascodes is increased by as much as 25% by adding L.

An algorithmic design methodology has been developed for
a CMOS cascode LNA, based on active device matching, sim-
ilar to the one applied to mm-wave SiGe-HBT LNAs [19]. After
calculating the effective signal source resistance seen by the am-
plifier across its bond pad as in [22], the following seven design
steps apply to the inductively-loaded cascode LNA shown in
Fig. 9.

Step 1)  Set the bias to the optimum NFyx current density
(JopT) to minimize the transistor noise figure. It
is approximately 0.15 mA /um, independent of the
CMOS technology node or foundry [9].

Step2) Choose an optimal W; to maximize fyax and

minimize NFyin. For 90-nm CMOS, Wy is
1-2 pm.

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 42, NO. 5, MAY 2007
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Fig. 11. Schematic of 60-GHz inductively-loaded LNA.

Step 3)  Find the best L, for the cascode biased at Jopt by
plotting the fr of the cascode versus Ly, (Fig. 10).

Note that Ly scales with W= (N;1).

With all devices biased at JopT, scale the number
of fingers (Ny) and L, to match the optimal noise
impedance Rgopr, at the frequency of operation,
to the source impedance.

Step 4)

Step 5)  After layout and parasitic extraction, with fr from
Step 4 and according to (5), find Ls = (Zo— Rs —
R¢)/wt [20]. Note that adding Ls does not affect
Rsopr previously matched in Step 4 and that wr
corresponds to the cascode with Ly, not just to the

transistor, and after extraction of layout parasitics.

Zix = Rs + Rg + wrLs + jw(Ls + Lg) — j:’TT )

where wr and g,,, already include the impact of Rg.

Add L¢ to tune out Im{Zin} and Im{Zsopr}
according to (5).

Step 6)

Step 7)  Add output matching network with inductive load

to maximize gain [20].

Following this design methodology, it is possible to achieve
the lowest noise performance in the given CMOS technology.

B. 60-GHz LNA Circuit Description

A 60-GHz LNA (Fig. 11) has been designed and fabricated
in 90-nm RF-CMOS using the methodology described in
Section III-A. It employs a 2-stage cascode topology with
series inductors (Lps1, Lps2) between the CS and CG tran-
sistors in each stage. The input stage transistors are biased at
0.2 mA/pm for maximum gain and are sized such that the
real part of the optimum noise impedance (RsopT) is about
40 €2, which accounts for the input pad capacitance as in [22].
This achieves a good compromise between noise impedance
matching (requiring a device gate width of 24 pm), gain, lin-
earity (requiring large device and current) and insensitivity to
impedance mismatch and process variation, which calls for low
R,, and minimized contribution of Rg and R to the overall
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350pm

400um

Fig. 12. Die micrograph of 60-GHz LNA (350 gm X 400 pm).

input and noise impedance (Rs + Rg < 10 Q). The second
stage is biased at 0.25 mA/um for improved linearity while
source degeneration is omitted to achieve a higher gain.

Inductor Lg in the first stage was sized based on (5) and the
value of fr as obtained from Fig. 10. For the 30 x 90 nm x
1 pm cascode, Rg = 3.3 Q and Rg = 200 Q * pm/30 ym =
6.7 Q. With an f1 of 87 GHz for the cascode with series inductor
(Fig. 10), the inductor Lg was sized to be 60 pH for an input
match to ~ 40 Q.

The LNA layout consists of two sets of ground-signal-ground
(GSG), 40 pm x 40 pm pads for the input and output signals,
and a set of power-ground-power (PGP) pads for DC biasing.
The 20-fF parasitic pad capacitance, obtained from previous test
structure measurements, was accounted for in the design. Spiral
inductors were implemented in the top metal layer to minimize
substrate capacitance and maximize Q. ASITIC was used to
simulate the Y-parameters as a function of frequency for all in-
ductors and all interconnect. The interconnect is either directly
added to the inductor before simulating in ASITIC the combined
inductor with interconnect, or modeled separately witha 2 — 7
equivalent circuit which is extracted from the simulated Y-pa-
rameters of the stand-alone interconnect.

The final LNA layout with pads measures only 0.35 X
0.4 mm? and is essentially pad-limited vertically. Four 2-pF
MIM capacitors provide localized bias de-coupling. A large,
slotted metal ground plane with ample substrate contacts was
employed to reduce substrate resistance and ground induc-
tance, while adhering to the metal density rules. The LNA chip
micrograph is shown in Fig. 12.

C. Design Porting of Millimeter-Wave CMOS LNAs

The LNA design methodology presented here works very
well across different foundries and technology nodes, since it is
based on the current density biasing scheme at Jopt which, to-
gether with the transistor capacitances per unity width, remains
largely unchanged across foundries and technology nodes. As
mentioned in Section II-B, even the passive inductor structures
can be easily ported between foundries with minimal re-design
given a similar backend metallization. As an illustration of the
portability of this design methodology, the same LNA, without
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redesign, was transferred to another foundry and integrated into
a 90-nm CMOS radio receiver operating at 60 GHz [5]. The
same design methodology was also applied to a single-stage
60-GHz cascode LNA test structure fabricated in a different
90-nm CMOS process, which exhibited good agreement be-
tween measurement and simulation. Both the receiver and
single-stage cascode LNA are discussed in more detail in
Section V-A. An in-depth treatment of CMOS LNA scaling to
different frequencies in the 12 GHz [23] to 94 GHz [22] range
and porting to other technology nodes without re-design is
presented elsewhere [23].

IV. 60-GHz PA DESIGN

A. Millimeter-Wave Class-A PA Design Considerations and
Methodology

Successful integration of the PA at 60 GHz relies on min-
imizing parasitic losses to maintain adequate gain (in light of
the lower transistor MAG at mm-waves), designing with low
voltage swings for low breakdown devices, and achieving suffi-
cient linearity required for spectrally efficient, variable envelope
modulation schemes proposed for 60-GHz applications.

The main design goals for the 60-GHz PA are captured in the
PA FoM (6) as defined by the ITRS [16], which links the output
power (Pout) with the gain (G) and power-added efficiency
(PAE), while the f? term reflects the degradation in transistor
gain and output power with increasing frequency:

FoMps = Pour X G x PAE x f2[16] (6)

Multi-stage PA topologies are essential to obtain adequate
gain at mm-waves. This is especially true in the case of CMOS,
where the ~8 dB MAG of a 90 nm MOSFET is degraded by
3—4 dB due to the limited load impedance that can be realized
at the drain output at high frequencies, and the losses in the
matching networks. The optimal distribution of power gain and
bias current (and hence P14p) between the stages of the PA can
be obtained using the well-known expression for linearity in a
cascaded system:

1 1 1

OP1dBona. _ OP1dB; | OPLAB, - Gy
1

T OPLAB, Gy -Gy’

(N

The reduction in breakdown voltage with continued scaling
dictates the need for larger bias currents to achieve the same
output power as in earlier technology nodes. This, in conjunc-
tion with the constant-current-density biasing scheme, leads
to larger device sizes and hence smaller output impedances
(Rout), which complicates the output matching process. It
gives III-V technologies and SiGe HBTs a clear advantage in
PA design, since their higher breakdown voltage permits much
lower bias currents and hence smaller devices, simplifying the
matching to 50 €2.

An algorithmic design methodology of a linear, Class-A PA
at mm-waves can be developed based on load line theory [24]
and constant-current-density biasing for optimal linearity. This
is summarized in the six steps outlined below:
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Step 1) Starting at the output stage, determine the
maximum allowed voltage swing for the
given technology. From load line theory, the
optimal linearity and output power are obtained
when the transistor (with inductive load) is
biased such that the drain voltage swings
equally between Vpg sa¢ and Vyiax (dictated
by the device breakdown or reliability limit),
centered at Vpp. Thus, the maximum voltage
swing is Viwing = Vamax — Vps sat, Where
VMax = 2Vpp — Vbs,sat-

Step2) Set the bias current density to 0.3 mA/um to

maximize linearity.

Step3) Determine the bias current that meets the P14p
requirements, and from that find the transistor
width. An expression for P14p can be derived from

load line theory:

P, . - Ik ; Vok _ Ipc % (VD]; — Vbs sat) ®)

Using Lwing = (0.4 mA,,/um) * W, the
maximum current swing before 1 dB compression,
instead of 2 * Ipc, we obtain the equivalent P14p
equation, where Ik = Iswing/2:

Iswing X (VDD - VDS,sat)
4

€))

Piap =

The value of Vpg ¢at corresponding to

the optimal linearity bias point of

0.3 mA/pm is about 0.3 V. From (9)

W =4x PldB/[0-4 mApp//Lrn * (VDD — VDS,sat)]
and Ipc = W x 0.3 mA/um (Fig. 3(a)).

Step4) Add an output matching network for the last stage
and (if necessary) inter-stage matching networks
for intermediate stages to maximize power transfer.
Add a degenerating inductor Lg to satisfy the input
linearity condition as determined by the MAG of
this stage and V,ying. Iterations may be needed

since Lg also changes MAG.

StepS5) Repeat (1-4) for each preceding stage with the
Vswing determined by Vi, for the subsequent

stage, to avoid gain compression.

Step6) Design the first stage to be input-matched to 50 2.
A cascode topology may be used in the first stage

for higher gain.

B. 60-GHz PA Circuit Description

Based on the above technique, a 60-GHz PA has been
designed and fabricated. It consists of three single-ended,
common-source stages biased in Class A. Although the cascode
topology has higher gain, larger output impedance and flat
Ips — Vpg characteristic, the single-transistor CS configu-
ration is advantageous for the PA implementation due to the
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lower supply voltage required, leading to higher efficiency
and good linearity. The main drawback of the single transistor
topology is the reduced reverse isolation, which complicates
the input/output matching process.

The PA was designed for nominal 1.2-V operation and a sat-
urated power of 7 dBm. With Vpg ¢a¢ = 0.3 V, the voltage am-
plitude at the output is Vpp — Vpg sat = 0.9 V. The required
current in the final stage for 7 dBm (5 mW) output power is
then 11 mA (8). This leads to an output transistor gate width of
11 mA/(0.28 mA/pm) = 39 pm, which was rounded off to 40
pm in the design. Since power gain at 60 GHz is directly linked
to fumax, the gate voltage swing cannot exceed 0.45 V,, for
the transistor to operate below the 1 dB power compression, as
shown in Fig. 3(b). With an output swing of 2x0.9V = 1.8V,
and a transistor MAG at 60 GHz of 8 dB, the gate voltage swing
is 1.8 V,,,/2.5 = 0.7 V,,;,, exceeding the P14p limit of 0.45
V,p at the gate. Hence, inductive degeneration is needed to pre-
vent the G-S junction from becoming nonlinear. The first and
second stages were designed in a similar manner given the re-
quired output voltage swing and MAG. The first stage is biased
at the peak fyiax bias of 0.2 mA/um to maximize gain. The
second and third stages are biased at the optimal linearity current
density of 0.28 mA/um. The transistor widths are 32 pm(Q1),
36 um(Q2) and 40 um(Q3) (Fig. 13).

The input matching network consists of the inductor Lg;,
which sets the real part of the input impedance to 50 2, and L¢
which cancels the imaginary part of Zix, at 60 GHz, as in an
LNA. The gain of the first stage is rather low due to the large de-
generation inductor needed to match the input to 50 €2. A 1-stage
L-network consisting of the load inductor Lp3 and capacitor
Ccs is employed at the output. Simplicity in the matching net-
works is critical in minimizing series parasitics, whose effects
are more pronounced at 60 GHz. Inter-stage matching is used
to maximize power transfer across the stages, and consists of
the 1-stage L-networks (Lp, C¢) at the output of the first and
second stages, and the gate (L) and source (Lg) inductors of
the second and third stages, where the source inductors also im-
prove linearity. The schematic of the PA is shown in Fig. 13.

Many of the layout techniques employed in the LNA for re-
ducing substrate noise, supply de-coupling and area efficiency
were also employed for the PA. All spiral inductors were de-
signed to be smaller than required to account for the inductance
of the interconnects, which were determined using ASITIC and
included in the post-layout simulations. The die measures only
0.35 x 0.43 mm? and is also pad-limited vertically. The PA chip
micrograph is shown in Fig. 14.

V. CIRCUIT MEASUREMENTS

The LNA and the PA were implemented in a 90-nm RF
CMOS process with 9 Cu layers, the top two of which are thick.
The fr and fyax of 90-nm nMOSFETSs with 1 um wide fin-
gers are 120 GHz and 200 GHz, respectively, at Vpg = 0.7 V.

A. 60-GHz LNA Results

The simulated and measured S-parameters of 3 different LNA
dies are shown in Fig. 15. All on-wafer S-parameter measure-
ments up to 65 GHz were performed with a Wiltron 360B VNA
and Cascade Microtech device probes. Calibrations to the probe
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Fig. 13. Schematic of 60-GHz PA.
Y
E
£
=
w
(8]
=
s 2
3 a
” =
_:...|....|....|...._
25 50 55 60 6520
FREQUENCY [GHZz]
'
430pm o Fig. 16. Measured real and imaginary input impedance of LNA versus fre-
quency.
Fig. 14. Die micrograph of 60-GHz PA (350 ym x 430 pm).
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Fig. 15. Measured (m) and simulated (s) LNA S-parameters (measured across
three different dies).

tips were performed using the LRM (Line-Reflect-Match) al-
gorithm, available in the WinCal software from Cascade Mi-
crotech. Since the pad capacitances were accounted for during
design, they were not de-embedded from the measurements.
The LNA achieves a measured peak gain of 14.6 dB at 58 GHz
(within 7% of the target of 62.4 GHz) and an isolation of better
than 32 dB. Both S1; and S»5 are < —6 dB in the 50-65 GHz
range. In simulation, the LNA has a peak gain of 14 dB cen-
tered at 62.4 GHz, while both S;; and S»9 are < —10 dB in the
50-65 GHz range. The simulated isolation is also better than
50 dB.

Fig. 17. Measured LNA S»; at 58 GHz as a function of Vs of input transistor
Ql.

The down-shift in the center frequency for S;; is mainly at-
tributed to a lack of RC parasitic extraction tool. Thus, Lg was
overestimated which, in turn, led to the input impedance reso-
nance occurring at 56 GHz rather than at 61.5 GHz (Fig. 16).
The input resistance is 50-55 2 in the 62-65 GHz range. Be-
cause the output stage is a high-impedance, high-Q cascode, any
parasitic capacitance associated with the MIM capacitor Cco
and with the interconnect has a big impact on Sas.

Plots of the LNA gain versus the gate bias of Q; and versus
temperature are shown in Fig. 17 and Fig. 18, respectively. Ro-
bustness to Vg variation is illustrated in Fig. 17, where the
So1 of the entire LNA changes only by 0.3 dB from 14.1 dB to
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Fig. 19. Measured LNA IIP; with 50-MHz tone spacing.

14.4 dB when the gate voltage of the input MOSFET is changed
from 0.575 mV to 0.8 V (corresponding to current densities of
0.1 mA/pm to 0.4 mA/pum). The measured Sy; decreases by
3 dB between 25 °C and 75 °C, and by an additional 4 dB be-
tween 75 °C and 125 °C (Fig. 18). While this temperature de-
pendence is twice as large as that measured on 80 GHz LNAs
and PAs implemented in a 290-GHz SiGe HBT technology [25],
itis comparable to that of published 60-GHz SiGe BiCMOS cir-
cuits [4], [32]. Linearity measurements show an output P14 of
—0.5dBm and an ITP3 of —6.8 dBm at 58 GHz, with a 50-MHz
tone spacing used in the [TP3 measurement (Fig. 19).

The LNA noise figure could not be measured at 60 GHz
due to lack of a down-convert mixer at this frequency. Instead,
the noise parameters of a 90-nm nMOSFET cascode test struc-
ture were measured in the 10-26 GHz range using a Focus Mi-
crowaves system. The gate resistance was added to the digital
transistor model to match both the measured noise figure of the
transistor and of the cascode stage in the 10-26 GHz range, and
the measured fyrax of the transistor. The noise figure simula-
tions for the cascode were found to be in good agreement with
measurements in the 10-26 GHz range. After allowing for mea-
surement scatter, the simulated 60-GHz NF N of the cascode
stage using this fitted model lies between 2.8 dB and 3.6 dB,
while the simulated noise figure of the entire LNA is 4.5 dB at
60 GHz.

The simulated noise figure value is supported by the exper-
imental demonstration of an integrated 60-GHz radio receiver
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implemented in a fully compatible 90-nm CMOS process with
digital (rather than RF) back-end [5], employing the identical
2-stage cascode LNA. Transistor fr, fyax, and noise param-
eter measurements up to 26 GHz, have been carried out for both
processes, showing less than 0.1 dB differences in noise figure
[23], [26] and less than 10% variation in ft and fyax. The re-
ceiver also includes LO and IF buffers, and a double-balanced
Gilbert cell mixer [5]. The double-sideband noise figure NFpsp
of the entire receiver was measured at 60 GHz as a function of
LO power and bias supply voltage. For 1.5-V operation (as in
the present LNA), the measured NFpgp of the receiver is less
than 5.5 dB in the LNA center frequency range of 58-59 GHz
(Fig. 20). Thus, we can reasonably conclude that the LNA NF
must also be <5.5 dB. More accurately, given that the LNA has
a peak gain of 14.6 dB, and the mixer has a simulated NFpgp
of 14 dB, the NF of the LNA is lower than 5 dB. This figure is
based on an analysis using the Friis formula for noise figure in
a cascaded system.

Additionally, a plot of the measured receiver NFpgp and gain
versus the Vg of transistor Qq in the LNA (Fig. 21) confirms
that the optimal NF occurs just below the maximum gain bias.
The noise figure of the entire receiver changes by less than 0.1
dB around 6.5 dB, when the Vg of the input transistor in the
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TABLE 1
90-nm LNA PERFORMANCE COMPARISON WITH STATE-OF-THE-ART USING THE LNA FOM IN UNITS OF GHz
LNA Technology f G NF 11P3 Pye Area FoM
[GHz] [dB] [dB] [dBm] [mW] [mmz]
160/160 GHz f7 /f\uax SiGe HBT [1] 65 14 10.5 (sim) -6 34 (2.5V) 03x04 12
200/290 GHz f1 /f\yax SiGe HBT [2] 61.5 15 45 -8.5 10.8 (1.8V) 0.6x0.9 13.8
90/130 GHz f7 /f\siax 130 nm CMOS [6] 60 12 8.8 -0.5 (sim) 54 (1.5V) 1.3x1.0 2.1
120/200 GHz /7 /f\iax 90 nm CMOS  (this work) 58 14.6 <55dB -6.8 24 (1.5V) 0.35x0.4 5.7
LNA changes from 0.6 to 0.68 V. Similarly, the down-conver- S A A R T 5
sion gain (21.8 dB) changes by less than 0.3 dB for the same 0
gate voltage variation, indicating that NF and gain vary little 5
with the gate voltage. Note that a higher NFpgp was measured 10E
in this case due to a reduced supply voltage (1.2 V) and a lower EN
LO power than for the best NFpgpg measurement at 1.5 V. In 15 5
the latter case, the highest LO power produced the lowest re- -20
ceiver NF, which most closely reflects the LNA NF. The simi- 25 F
larity between the LNA in the receiver and the present LNA can 20 . S, (sim) 30 @
be seen by re-examining Fig. 17, where the LNA gain peaks ex- U E A A8, (meas) )
actly at Vgs(Q1) = 0.65 V, as in the receiver (Fig. 21). Finally, -35 ; __. :22 E::':a)s) -35
Table I shows a comparison of mm-wave LNAs in silicon using qob—— 2 1 g0
50 55 60 65

the FoM as defined by the ITRS [16]. The LNA presented in
this paper achieves the highest FoM among all previous imple-
mentations in technologies with lower or comparable fr, faax
performance.

To validate the accuracy of the proposed LNA design algo-
rithm when extraction of layout parasitics is available and to
illustrate its portability across foundries [22], Fig. 22 shows the
measured and simulated S-parameters of a single-stage cascode
LNA test structure fabricated in a 90-nm CMOS process from
another foundry. This LNA was targeted at 60 GHz as part of
an exercise in scaling circuits from 14 GHz to 28 GHz and
to 60 GHz simply by scaling the gate width and bias currents
of MOSFETs and the inductor values according to the ratio of
the center frequency of the LNAs [22]. Simulations were con-
ducted with digital MOSFET models to which R was added
as an external element. The 60-GHz LNA test structure em-
ploys the same topology with tuning inductor Ly, as in Fig. 9,
and consumes 3 mA from a 1.5-V supply. The MOSFETSs have
20 x 1 pm gate width and are biased at Jopr = 0.15 mA/pm.
Inductors Lg, Lg, Lp, Ly are 55 pH, 190 pH, 140 pH and
190 pH, respectively. Measured S1; and Soo are simultaneously
below —20 dB in the 56-60 GHz range. The input impedance
match is broadband with the input return loss being better than
—15 dB from 50 GHz to 65 GHz. While both LNAs were de-
signed using the same algorithm as presented in Section III-A,
the availability of an RC parasitic extraction tool in the design
kit for this process resulted in a more accurate modeling of tran-
sistor and interconnect parasitics, leading to a better agreement
between measurement and simulation (with extraction). Note
that, as expected from (5), the input resistance match can be
performed for a range of device widths. It is only the noise
impedance that depends on the size of the input MOSFET.

FREQUENCY [GHz]

Fig. 22. (a) Measured and simulated S-parameters for a 60-GHz single-stage
cascode LNA in a different 90-nm CMOS process.

B. 60-GHz PA Results

The simulated and measured PA gain and return loss are
shown in Fig. 23(a). Measured S-parameters for three PA sam-
ples show good repeatability across dies. With a 1.5-V supply,
the amplifier has a peak gain of 5.2 dB at 61 GHz, a 3-dB BW
exceeding 13 GHz (52-65 GHz), with the upper frequency
limit being imposed by the operating range of the VNA. Broad-
band matching is achieved at the output, with Sgo < —10 dB
over the 51-65 GHz band, while S;; is < —10 dB in the
60-65 GHz range. The measured isolation (S12) is better than
30 dB in the entire measurement range Fig. 23(b). The 3 dB
degradation between simulated and measured So; at 60 GHz is
mainly attributed to the lack of a parasitic RC extractor. While
the inductors and all interconnect inductances were modeled
using ASITIC and included in the post-layout simulation,
the parasitic capacitance and via resistances on and around
the transistors, and in the meshed ground plain, could not be
extracted, and may contribute to the gain degradation. Unlike
in the case of the LNA, the CS output stage in the PA provides a
low-Q impedance, leading to a better agreement between mea-
surements and simulation, despite a lack of parasitic extraction
tool, with Xyt resonating at exactly 62 GHz (Fig. 24).

Fig. 25 shows the large-signal performance of the PA, where
an output P14p of +6.4 dBm and a saturated output power of
+9.3 dBm were measured at 60 GHz, with a 1.5-V supply and
total current of 26.5 mA. The measured output power agrees
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Fig. 24. Measured real and imaginary output impedance of PA versus fre-
quency.

well with hand analysis, which predicts a P14p of 6.8 dBm for
1.5-V supply (8). The linearity and gain dependence on the bias
current of the final stage are shown in Fig. 26(a), where the
maximum gain and linearity occur when the final stage is biased
at 0.28 mA/um, close to the peak fr bias (0.3 mA/um). The
output P14p varies almost linearly with the supply voltage, as
shown in Fig. 26(b), indicating that the PA linearity is primarily
limited by the supply voltage and by the Vps-dependence of
fuax, and not by the gate-source diode of the output transistor.
A maximum PAE of 7.4% and a maximum drain efficiency of
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Fig. 26. (a) Measured PA P45, gain versus final stage bias at 60 GHz.
(b) Measured PA P1ag versus supply at 60 GHz.

21.4% were achieved. The gain, and hence PAE, can be further
improved by replacing the first CS stage with a cascode stage,
while maintaining the same power supply.

Table II provides a comparison of the PA in this work with
previously reported mm-wave PAs in terms of the PA FoM, as
defined in Section I'V-A, using Py, rather than OP14p to ac-
commodate the data reported in literature. It can be seen that
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TABLE II
90-nm PA PERFORMANCE COMPARISON WITH STATE-OF-THE-ART USING THE PA FOM IN UNITS OF [W ¢ GHz]
PA Technology f G Py P1aB, out PAE Area Topology FoM
[GHz] [dB] [dBm] [dBm] [%] [mm?]
200/290 GHz f7 /fyax SiGe HBT [2] 60 10.8 16 112 43 2.1x0.8 2-stage CE (D) 74.3
200/240 GHz fr /fmax SiGe HBT [27] 60 18 20 13.1 12.7 1.3x0.75 1-stage cascode (D) | 2885
200/290GHz 17 /fyax SiGe HBT [28] 77 17 17.5 14.5 12.8 1.35x0.45 4-stage CE (S) 2137
200/290GHz /7 /fyax SiGe HBT [29] 77 6.1 12.5 11.6 35 2.1x0.75 2-stage CE (D) 9.1
65GHz fypax 0.18um CMOS [30] 24 7 14.5 - 14.5 0.7x1.8 2-stage cascode (S) 11.7
84GHz fyyax 0.18um CMOS [31] 27 17 14 - 8.2 12x1.7 3-stage cascode (S) 74.7
84GHz fj;ax 0.18um CMOS [31] 40 7 10.4 - 29 12x1.7 3-stage cascode (S) 2.6
120/200GHz /7 /fy;ax 90nm CMOS
60 5.2 9.3 6.4 7.4 0.35x 0.43 3-stage CS (S) 7.5
(this work)
this marks the highest frequency PA in CMOS reported to date, ACKNOWLEDGMENT

while also having the lowest area consumption due to the use of
small form factor spiral inductors for on-chip matching. Its gain
and Py, are comparable to those of early 77 GHz SiGe [29] and
40 GHz CMOS PAs [31]. However, the CMOS PA performance
remains markedly inferior to that of the most recent SiGe HBT
PAs [25], [27], [28].

VI. CONCLUSION

A 60-GHz LNA and a 60-GHz PA have been demonstrated
in 90-nm RF-CMOS. Algorithmic design methodologies were
developed for mm-wave CMOS LNAs and PAs, based on con-
stant-current-density-biasing. These amplifiers exploit the in-
variance of the optimum linearity, minimum NFyn, and peak
fmax current densities across technology nodes. The 2-stage
cascode LNA represents the first 60-GHz LNA in the 90-nm
node, and exhibits significant improvements in noise, gain and
power consumption compared to existing mm-wave LNAs im-
plemented in SiGe BiCMOS and CMOS processes with com-
parable fr, fuax. Further performance enhancements are en-
abled by the addition of broadbanding inductors in each cas-
code stage, which form artificial transmission lines that boost
the gain while lowering the noise figure. The successful inte-
gration of the LNA in a 60-GHz 90-nm CMOS receiver fabri-
cated in a process from a different foundry, and the application
of the design algorithm to a single-stage 60-GHz 90-nm CMOS
LNA, also from another foundry, provide evidence to its design
portability. The 3-stage common source PA represents the first
60-GHz CMOS implementation and demonstrates the potential
of nanoscale CMOS for high-linearity applications. Both am-
plifiers have shown that trusted topologies based on lumped in-
ductors and design methodologies from lower frequencies can
be successfully extended to mm-waves.

The authors would like to thank T. Chalvatzis of the Univer-
sity of Toronto for LNA measurements over temperature.

REFERENCES

[1] M. Q. Gordon, T. Yao, and S. P. Voinigescu, “65-GHz receiver in SiGe
BiCMOS using monolithic inductors and transformers,” in Si Mono-
lithic Integrated Circuits in RF Systems, Tech. Dig., Jan. 2006, pp.
265-268.

B. A. Floyd, S. K. Reynolds, U. R. Pfeiffer, T. Zwick, T. Beukema, and

B. Gaucher, “SiGe bipolar transceiver circuits operating at 60 GHz,”

IEEE J. Solid-State Circuits, vol. 40, no. 1, pp. 156-157, Jan. 2005.

[3] C. H. Wang, Y. H. Cho, C. S. Lin, H. Wang, C. H. Chen, D. C. Niu, J.

Yeh, C. Y. Lee, and J. Chern, “A 60 GHz transmitter with integrated an-

tenna in 0.18 pm SiGe BiCMOS technology,” in IEEE Int. Solid-State

Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2006, pp. 186—187.

B. Floyd, S. Reynolds, U. Pfeiffer, T. Beukema, J. Grzyb, and C.

Haymes, “A silicon 60 GHz receiver and transmitter chipset for

broadband communications,” in IEEE Int. Solid-State Circuits Conf.

(ISSCC) Dig. Tech. Papers, Feb. 2006, pp. 649-658.

D. Alldred, B. Cousins, and S. P. Voinigescu, “A 1.2 V, 60 GHz radio

receiver with on-chip transformers and inductors in 90 nm CMOS,” in

Proc. IEEE Compound Semiconductor Integrated Circuits Symp., Nov.

2006, pp. 51-54.

[6] C. H. Doan, S. Emami, A. M. Niknejad, and R. W. Brodersen, “Mil-

limeter-wave CMOS design,” IEEE J. Solid-State Circuits, vol. 40, no.

1, pp. 144155, Jan. 2005.

B. Razavi, “A 60-GHz direct-conversion CMOS receiver,” in IEEE Int.

Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2005, pp.

400-401.

T. Yao, L. Tchoketch-Kebir, O. Yuryevich, M. Q. Gordon, and S. P.

Voinigescu, “65 GHz Doppler sensor with on-chip antenna in 0.18 pm

SiGe BiCMOS,” in [EEE MTT-S Int. Microwave Symp. Dig., Jun. 2006,

pp. 1493-1496.

[9] T. O. Dickson, K. H. K. Yau, T. Chalvatzis, A. M. Mangan, E. Laskin,
R. Beerkens, P. Westergaard, M. Tazlauanu, M.-T. Yang, and S. P.
Voinigescu, “The invariance of characteristic current densities in
nanoscale MOSFETSs and its impact on algorithmic design method-
ologies and design porting of Si(Ge) (Bi)CMOS high-speed building
blocks,” IEEE J. Solid-State Circuits, vol. 41, no. 8, pp. 1830-1845,
Aug. 2006.

[2

—

[4

=

[5

=

[7

—

[8

[t}



1056

[10] T. Chalvatzis, K. H. K. Yau, P. Schvan, M. T. Yang, and S. P.
Voinigescu, “A 40-Gb/s decision circuit in 90-nm CMOS,” in Proc.
ESSCIRC, Sep. 2006, pp. 512-515.

[11] N. Weste and D. Harris, CMOS VLSI Design.
Wesley, 2005.

[12] A. Mangan, S. P. Voinigescu, M.-T. Yang, and M. Tazlauanu, ‘“De-
embedding TLMs for accurate modeling of IC designs,” IEEE Trans.
Electron Devices, vol. 53, no. 2, pp. 235-241, Feb. 2006.

[13] A. Niknejad, ASITIC. Univ. California at Berkeley, 2002 [Online].
Available: http://rfic.eecs.berkeley.edu/~niknejad/asitic.html

[14] T. O. Dickson, M. LaCroix, S. Boret, D. Gloria, R. Beerkens, and
S. P. Voinigescu, “30-100 GHz inductors and transformers for mil-
limeter-wave (Bi)CMOS integrated circuits,” IEEE Trans. Microw.
Theory Tech., vol. 53, no. 1, pp. 123-133, Jan. 2005.

[15] E. Laskin, S. T. Nicolson, P. Chevalier, A. Chantre, B. Sautreuil, and
S. P. Voinigescu, “Low-power, low-phase noise SiGe HBT static fre-
quency divider topologies up to 100 GHz,” in Proc. IEEE Bipolar/
BiCMOS Circuits Technology Meeting, Oct. 2006, pp. 235-238.

[16] ITRS-2005. [Online]. Available: http://public.itrs.net

[17] W. S. Kim, X. Li, and M. Ismail, “A 2.4 GHz CMOS low noise am-
plifier using an inter-stage matching inductor,” in Proc. 42nd Midwest
Symp. Circuits and Systems, Aug. 1999, vol. 2, pp. 1040-1043.

[18] T. Suzuki, Y. Nakasha, T. Takahashi, K. Makiyama, K. Imanishi, T.
Hirose, and Y. Watanabe, “A 90 Gb/s 2:1 multiplexer IC in InP-based
HEMT technology,” in IEEE Int. Solid-State Circuits Conf. (ISSCC)
Dig. Tech. Papers, Feb. 2002, pp. 192-193.

[19] M. Gordon and S. P. Voinigescu, “An inductor-based 52-GHz, 0.18 pzm
SiGe BiCMOS cascode LNA with 22 dB gain,” in Proc. ESSCIRC, Sep.
2004, pp. 287-291.

[20] S. P. Voinigescu, T. O. Dickson, M. Gordon, C. Lee, T. Yao, A.
Mangan, K. Tang, and K. H. K. Yau, “RF and millimeter-wave IC
design in the nano-(Bi)CMOS era,” in Si-Based Semiconductor Com-
ponents for Radio-Frequency Integrated Circuits (RFIC), 2006, W. Z.
Cai, Ed. New Delhi, India: Transworld Research Network.

[21] T. O. Dickson, R. Beerkens, and S. P. Voinigescu, “A 2.5-V 45-Gb/s
decision circuit using SiGe BiCMOS logic,” IEEE J. Solid-State Cir-
cuits, vol. 40, no. 4, pp. 994-1003, Apr. 2005.

[22] S. T. Nicolson and S. P. Voinigescu, “Methodology for simultaneous
noise and impedance matching in W-band LNAs,” in Proc. IEEE
Compound Semiconductor Integrated Circuits Symp., Nov. 2006, pp.
279-282.

[23] K. H. K. Yau, K. K. W. Tang, P. Schvan, P. Chevalier, B. Sautreuil, and
S. P. Voinigescu, “The invariance of the noise impedance in nMOS-
FETs across technology nodes and its application to the algorithmic
design of tuned low noise amplifiers,” in Proc. 7th Topical Meeting on
Si Monolithic Integrated Circuits in RF Systems, Long Beach, CA, Jan.
2007, in press.

[24] S. C. Cripps, RF Power Amplifiers for Wireless Communications, 2nd
ed. Boston, MA: Artech House, 2006.

[25] S.T.Nicolson, K. K. W. Tang, K. H. K. Yau, P. Chevalier, B. Sautreuil,
and S. P. Voinigescu, “A 2.5 V 77 GHz automotive radar chipset,” in
Proc. IEEE MTT-S Int. Microwave Symp., Honolulu, HI, Jun. 2007.

[26] K.H.K. Yau, A. Mangan, P. Chevalier, P. Schvan, and S. P. Voinigescu,
“A scalable transmission-line based technique for de-embedding noise
parameters,” in Proc. IEEE ICMTS Conf., Tokyo, Japan, Mar. 2007.

[27] U. Pfeiffer, “A 20 dBm fully-integrated 60 GHz SiGe power ampli-
fier with automatic level control,” in Proc. ESSCIRC, Sep. 2006, pp.
356-359.

[28] A. Komijani and A. Hajimiri, “A wideband 77 GHz, 17.5 dBm power
amplifier in silicon,” in Proc. Custom Integrated Circuits Conf. (CICC),
Sep. 2005, pp. 571-574.

[29] U.R.Pfeiffer, S. K. Reynolds, and B. A. Floyd, “A 77 GHz SiGe power
amplifier for potential applications in automotive radar systems,” in
Radio Frequency Integrated Circuits (RFIC) Symp. Dig., Jun. 2004,
pp. 91-94.

[30] A. Komijani and A. Hajimiri, “A 24 GHz, 4-14.5 dBm fully-integrated
power amplifier in 0.18 pm CMOS,” in Proc. Custom Integrated Cir-
cuits Conf. (CICC), Oct. 2004, pp. 561-564.

[31] H. Shigematsu, T. Hirose, F. Brewer, and M. Rodwell, “Millimeter-
wave CMOS circuit design,” IEEE Trans. Microw. Theory Tech., vol.
53, no. 2, pp. 472-477, Feb. 2005.

[32] B. Floyd, S. Reynolds, U. Pfeiffer, T. Beukema, J. Grzyb, and C.
Haymes, “A silicon 60 GHz receiver and transmitter chipset for
broadband communications,” IEEE J. Solid-State Circuits, vol. 41, no.
12, pp. 2820-2831, Dec. 2006.

Boston, MA: Addison-

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 42, NO. 5, MAY 2007

Terry Yao received the B.A.Sc. degree (with distinc-
tion) in electrical engineering from the University
of Windsor, Windsor, ON, Canada, in 2002 and
the M.A.Sc. degree in electrical engineering from
the University of Toronto, Toronto, ON, Canada, in
2006.

Her past work experiences include Nortel Net-
works, Ottawa, ON, Canada, in 2001 and Tropic
Networks Inc., Kanata, ON, Canada, from 2002 to
2003, where she worked on fiber optic amplifier and
transceiver characterization. Her research interests
in graduate studies were in the area of mm-wave IC design in SiGe BiCMOS
and CMOS for 60-GHz radio applications. She is currently with M/A-COM
Strategic R&D, Lowell, MA, focusing on MMIC design in silicon.

Ms. Yao has received numerous awards and scholarships, including the Uni-
versity of Windsor Board of Governors Medal in Electrical Engineering in 2002
and the Natural Sciences and Engineering Council of Canada (NSERC) Post-
graduate Scholarship from 2003 to 2005.

Michael Q. Gordon received the B.Eng. (with
highest distinction) degree in communications
engineering from Carleton University, Ottawa, ON,
Canada, in 2003, and the M.A.Sc. degree in electrical
and computer engineering from the University of
Toronto, Toronto, ON, Canada, in 2006.

From 2005 to 2006, he worked in the Wireless
Technology Division at PMC-Sierra, Burnaby, BC,
where he was responsible for designing integrated
circuits for 802.11n and WiMAX chipsets. He is now
with SiBEAM, Sunnyvale, CA, working on novel
mm-wave circuits. His research interests are in the area of mm-wave device
and circuit design for wireless applications.

Mr. Gordon has received the undergraduate Senate Medal for his Bachelor’s
degree at Carleton University in 2003. During his Master’s studies, he held the
post-graduate scholarship from the Natural Sciences and Engineering Council
of Canada (NSERC) and a scholarship from the Canadian Wireless Telecom-
munications Association (CWTA). In 2006, he received the Best Student Paper
Award at the SiRF Meeting in San Diego, CA.

Keith K. W. Tang received the B.A.Sc. degree, with
honors, in electrical engineering from the University
of Toronto, Toronto, ON, Canada, in 2004. He is cur-
rently pursuing the M.A.Sc. degree in electrical en-
gineering at the University of Toronto.

His research interests are in the design of mil-
limetre-wave IC building blocks.

In 2003, Mr. Tang held an NSERC summer intern-
ship with the University of Toronto where he worked
on high voltage devices and organic transistors. He
holds the NSERC postgraduate scholarship.

Kenneth H. K. Yau (S’03) received the B.A.Sc. de-
gree, with distinction, in engineering physics from
the University of British Columbia, Vancouver, BC,
Canada, in 2003 and the M.A.Sc degree in electrical
engineering from the University of Toronto, Toronto,
ON, Canada, in 2006. He is currently pursuing the
Ph.D. degree in electrical engineering at the Univer-
sity of Toronto.

He has held an internship with Broadcom Corpora-
tion, Vancouver, Canada, where he was involved with
the development of embedded software for IP tele-
phony. He was also involved with the development of a nanoscale vibration con-
trol system for the quadrupole magnets of the Next Linear Collider. His current
research interests are in the area of device modeling for advanced MOSFETSs
and SiGe HBTs, and nanoscale device physics.

Mr. Yau received numerous scholarships, including an undergraduate
research award and a post-graduate scholarship from the Natural Sciences and
Engineering Council of Canada (NSERC). He also received an achievement
award from the Association of Professional Engineers and Geoscientists of
British Columbia (APEGBC).



YAO et al.: ALGORITHMIC DESIGN OF CMOS LNAS AND PAS FOR 60-GHz RADIO

Ming-Ta Yang (M’96) was born in Tainan, Taiwan,
R.O.C., in 1966. He received the B.S and M.S.
degrees in physics and applied physics from
Chung-Yuan University, Chung -Li, Taiwan, in 1989
and 1992. During the 1989 academic year, he joined
the Department of Physics, Chung-Yuan University,
as a faculty member. In 1995, he received the Ph.D.
degree in electrical engineering from the National
Central University, Chung-Li, Taiwan. His Ph.D.
dissertation was focused on the characterization
and model of AlGaAs/InGaAs doped-channel
heterostructure FETs and its application in monolithic microwave integrated
circuits (MMICs).

In 1995, he joined Mosel Vitelic Inc., Hsin-Chu, Taiwan, where he worked
on VLSI advanced technology development. He then joined the Taiwan Semi-
conductor Manufacturing Company, Ltd. (TSMC) since 1998, where he set up a
high-frequency characterization laboratory and organized a team to response for
the development of characterization and Spice model both in the Mixed-Signal
and RF applications. His current research interests include the development of
advanced HF characterization and model of devices both in the RF CMOS and
high-speed SiGe HBT BiCMOS technologies. He has served on the advisory
Workshop Committees of Compact Modeling for RF/Microwave Applications
(CMREF) in 2004 and 2005.

Peter Schvan (M’89) received the Ph.D. degree in electrical engineering from
Carleton University, Ottawa, Ontario, Canada, in 1985.

He is a Senior Manager with Nortel Networks, Ontario. He has worked in
the areas of BiICMOS and bipolar technology development, yield prediction,
device characterization, modeling, design of multi-gigabit circuits and systems,
and fiber optic communications systems. He has authored and co-authored nu-
merous publications.

1057

Sorin P. Voinigescu (M’90-SM’02) received the
M.Sc. degree in electronics from the Polytechnic
Institute of Bucharest, Bucharest, Romania, in 1984,
and the Ph.D. degree in electrical and computer
engineering from the University of Toronto, Toronto,
ON, Canada, in 1994.

From 1984 to 1991, he worked in R&D and
academia in Bucharest, Romania, where he designed
and lectured on microwave semiconductor devices
and integrated circuits. Between 1994 and 2002
he was with Nortel Networks and with Quake
Technologies in Ottawa, ON, Canada, where he was responsible for projects
in high-frequency characterization and statistical scalable compact model
development for Si, SiGe, and III-V devices. He also led the design and product
development of wireless and optical fiber building blocks and transceivers
in these technologies. In 2000 he co-founded and was the CTO of Quake
Technologies, the world’s leading provider of 10 Gb Ethernet transceiver ICs.
In September 2002, he joined the Department of Electrical and Computer
Engineering, University of Toronto, as an Associate Professor. He has authored
or co-authored over 80 refereed and invited technical papers spanning the
simulation, modeling, design, and fabrication of high frequency semiconductor
devices and circuits. His research and teaching interests focus on nanoscale
semiconductor devices and their application in integrated circuits at frequencies
up to and beyond 100 GHz.

Dr. Voinigescu received NORTEL’s President Award for Innovation in 1996.
He is a co-recipient of the Best Paper Award at the 2001 IEEE Custom Integrated
Circuits Conference and at the 2005 Compound Semiconductor IC Symposium.
His students have won Best Student Paper Awards at the 2004 IEEE VLSI Cir-
cuits Symposium, the 2006 SiRF Meeting, 2006 RFIC Symposium and 2006
BCTM.



