This document is downloaded from DR-NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

A novel CMOS low-noise amplifier design for
3.1-to 10.6-GHz ultra-wide-band wireless receivers

Ma, Jianguo; Do, Manh Anh; Lu, Zhenghao; Lu, Yang; Yeo, Kiat Seng; Cabuk, Alper
2006

Lu, Y., Yeo, K. S., Cabuk, A., Ma, J., Do, M. A,, & Lu, Z. (2006). A novel CMOS low-noise
amplifier design for 3.1-to 10.6-GHz ultra-wide-band wireless receivers. IEEE Transactions
on Circuits and Systems—I: Regular Papers, 53(8), 1683-1692.

https://hdl.handle.net/10356/91515

https://doi.org/10.1109/TCSI.2006.879059

IEEE Transactions on Circuits and Systems—I: Regular Papers © 2006 IEEE. Personal use of
this material is permitted. However, permission to reprint/republish this material for
advertising or promotional purposes or for creating new collective works for resale or
redistribution to servers or lists, or to reuse any copyrighted component of this work in
other works must be obtained from the IEEE. This material is presented to ensure timely
dissemination of scholarly and technical work. Copyright and all rights therein are retained
by authors or by other copyright holders. All persons copying this information are expected
to adhere to the terms and constraints invoked by each author's copyright. In most cases,
these works may not be reposted without the explicit permission of the copyright holder.
http://www.ieee.org/portal/site.

Downloaded on 23 Aug 2022 02:39:08 SGT



IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 53, NO. 8, AUGUST 2006

1683

A Novel CMOS Low-Noise Amplifier Design for 3.1-
to 10.6-GHz Ultra-Wide-Band Wireless Receivers

Yang Lu, Kiat Seng Yeo, Alper Cabuk, Jianguo Ma, Senior Member, IEEE, Manh Anh Do, Senior Member, IEEE,
and Zhenghao Lu

Abstract—An ultra-wideband (UWB) 3.1- to 10.6-GHz low-noise
amplifier (LNA) employing a common-gate stage for wideband
input matching is presented in this paper. Designed in a commer-
cial 0.18-z:m 1.8-V standard RFCMOS technology, the proposed
UWB LNA achieves fully on-chip circuit implementation, con-
tributing to the realization of a single-chip CMOS UWB receiver.
The proposed UWB LNA achieves 16.7 + 0.8 dB power gain with
a good input match (S11 < —9 dB) over the 7500-MHz band-
width (from 3.1 GHz to 10.6 GHz), and an average noise figure of
4.0 dB, while drawing 18.4-mA dc biasing current from the 1.8-V
power supply. A gain control mechanism is also introduced for the
first time in the proposed design by varying the biasing current
of the gain stage without influencing the other figures of merit of
the circuit so as to accommodate the UWB LNA in various UWB
wireless transmission systems with different link budgets.

Index Terms—Common gate, low-noise amplifier (LNA),
RFCMOS, ultra-wideband (UWB), variable gain.

1. INTRODUCTION

N 2002, the Federal Communications Commission (FCC)
I approved the operation of certain types of wireless devices
incorporating the ultra-wideband (UWB) technology, which
transmits information using very low power, short impulses
thinly spreading over a wide bandwidth [1]. Benefiting from
the extremely wide transmission bandwidth, the UWB radio
exhibits desirable features such as large transmission channel
capacity, fine time and range resolution, less multipath fading
effect and easier material penetration. Possible applications
are high-data-rate wireless connection, high-accuracy posi-
tioning/locating, penetration imaging, etc. [2]-[4]. Table I
presents the categories of the UWB applications approved by
the FCC with their respective spectrums and restrictions [1].

Of all the spectrums approved by the FCC for UWB appli-
cations, the 3.1- to 10.6-GHz band is of the greatest interest for
both academia and industry due to its versatility in almost all of
the approved UWB applications. Due to the FCC’s loose defi-
nition of UWB [1], various methods can be employed to utilize
this vast spectrum. Meanwhile, different wideband pulse shapes
and pulse modulation schemes have been proposed for the fu-
ture UWB transmission systems [5]-[9]. Two proposals have
been refined for the final decision:

1) Direct-sequence UWB (DS-UWB) proposal [10];
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TABLE 1
FCC-APPROVED UWB APPLICATIONS [1]
Spectrum Allocated For Limited
Application (Systems)
Application Operation
Ground Penetrating Radar <960 MHz or 3.1 - 10.6
Yes”
and Wall Imaging GHz
<960 MHzor 3.1 - 10.6
Through-Wall Imaging Yes""
GHz
Medical Imaging 3.1-10.6 GHz Yes™™"
Surveillance 1.99 -10.6 GHz Yes™"*
Vehicular Radar 24 - 29 GHz No
3.1-10.6 GHz
Communications and
(subject to FCC’s emission No
Measurement
power limitations)

*: Restricted to law enforcement, fire and rescue organizations, scientific
research institutions, commercial mining companies, construction companies.
*#: Restricted to law enforcement, fire and rescue organizations.

*%#%: Restricted to licensed health care practitioners.

**%%: Restricted to law enforcement, fire and rescue organizations, public

utilities, and industrial entities.
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Fig. 1. Spectrum division of the two UWB proposals. (a) DS-UWB. (b)
MB-OFDM.

2) Multiband orthogonal frequency division multiplexing
UWB (MB-OFDM UWB) proposal [11]. The DS-UWB
proposal divides the 3.1- to 10.6-GHz band into two dis-
continuous bands while the MB-OFDM UWB proposal
divides the whole band into 14 528-MHz sub-bands that
are grouped into five main bands as shown in Fig. 1.

Despite all the favorable features of the UWB systems,

serious challenges still exist for the realization of UWB re-
ceiver front-end circuits, especially for the low-noise amplifier

1057-7122/$20.00 © 2006 IEEE
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(LNA). Due to FCC’s stringent power-emission limitation at
the transmitter and the additional transmission path loss, the
received UWB signal exhibits very low power-spectral density
(PSD) at the receiver antenna, resulting in a received signal
power that is typically three orders of magnitude smaller than
that of the narrow-band transmission systems [12]. Therefore, a
UWB LNA is required to provide sufficient gain over the entire
7500-MHz bandwidth, a wide-band 50-2 input matching and,
more importantly, a low noise figure to enhance the sensitivity
of the UWB receiver. Low power consumption is also desired
for the LNA. The linearity of an amplifier is traditionally
described in terms of 1-dB compression point (P1 dB) and
third-order intercept point (IP3). While the UWB signal seldom
suffers from gain compression in the LNA due to the low
power of the received signal, the IP3 could be an important
figure-of-merit of the proposed LNA due to the existence of
strong narrow-band interferers such as the 802.11a WLAN
signals in the 5- to 6-GHz band. However, the IP3 of the pro-
posed LNA is not of great concern of this work due to the two
reasons: Firstly, the UWB signals are intrinsically wide-band
signals rather than single tones in narrow-band systems, which
bring about the difficulty in defining the IP3 for the LNA.
Secondly and even more importantly, thanks to today’s mature
antenna design techniques [13], [14], the interferers within the
5- to 6-GHz frequency band could be readily rejected by notch
UWRB antennas, relaxing the requirement for the linearity of the
proposed UWB LNA.

This paper focuses on the design and implementation of
an LNA for UWB applications based on the conventional
RFCMOS technology. Section II discusses the design chal-
lenges in the implementation of a CMOS UWB LNA, while
Section III gives the detailed circuit analysis and describes the
optimizing techniques. Section IV presents the final schematic
of the proposed design with a comparison of the pre-layout
simulation and post-layout simulation results. Section V
summarizes the figures of merit of the CMOS UWB LNA
and compares its application in both DS-UWB proposal and
MB-OFDM proposal. Finally, Section VI draws the conclusion.

II. DESIGN CHALLENGES

Although the employment of the wide-band impulse as the
transmitting signal has greatly simplified the receiver front-end
architecture, most of the design challenges of a UWB LNA
remain due to the enormous bandwidth. While various LNAs
in CMOS technology have been studied for a long period
[15]-[17], traditionally, wide-band RF amplifiers are realized
in compound semiconductor technologies (e.g., SiGe and
GaAs), taking advantage of their superior intrinsic frequency
response and noise performance [18], [19]. With its higher
parasitics, the lossy silicon substrate of the CMOS technology
substantially degrades the gain and the noise performance of
the amplifier as frequency increases, which further jeopardizes
the maximum achievable bandwidth [20], [21].

The distributed amplifier (DA), in which the parasitic capac-
itances of the active devices are absorbed by the transmission
lines, has been proposed to be a good candidate for wide-band
amplification. Recent research shows that relatively flat gain
can be achieved over the 3.1- to 10.6-GHz UWB band using
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Fig. 2. Basic input matching techniques. (a) Inductive source degeneration. (b)
Direct resistor termination. (c) Shunt-series feedback. (d) Common-gate 1/g,,
termination.

CMOS distributed amplifiers [22]-[24]. However, due to the
additive nature of each transistor’s gain, the distributed ampli-
fiers cannot achieve high gain. The average gain of the reported
DAs is around 8 dB, which is insufficient to amplify the re-
ceived UWB signal. On the other hand, the power consump-
tion of a typical DA is more than 60 mW, too high for the bat-
tery-powered portable UWB devices. Furthermore, although the
distributed amplifier can provide wide-band amplification, it has
not been optimized for noise performance. Considering these
drawbacks associated with the DAs, traditional multistage tran-
sistor amplifier technique is opted for our design.

The noise performance of an LNA is directly dependent on its
input matching. The wide-band input matching is intrinsically
noisier than the narrow-band counterparts as the noise perfor-
mance can not be optimized for a specific frequency. Thus,
the stringent tradeoff between the wide-band input matching
and the noise figure of the UWB LNA should be carefully
studied and decided. Fig. 2 shows the four basic 50-€2 input
matching techniques that have been explored in the traditional
transistor-amplifier domain [16], [17], [20], [25], [26]. The
common-gate architecture (or the 1/g,, termination) that is
illustrated in Fig. 2(d) has the highest potential to achieve the
wide-band input matching. However, little work has been re-
ported on the design of a common-gate LNA [16]. This may be
due to the fact that the wide-band input matching is not needed
in traditional narrow-band receivers, and a common-gate am-
plifier exhibits relatively lower gain and higher noise figure
than a common-source amplifier.

Assuming the input impedance of a common-gate amplifier
remains largely resistive and the perfect matching is achieved
by setting the transconductance of the active device to 20 mS,
the noise factor (F7) can be obtained as

v

aRs 9m

F=1+

147 (1
(63

where -y is the MOS transistor’s coefficient of channel thermal
noise and « is defined as the ratio of the transconductance g,
and the zero-bias drain conductance gg0, respectively [17].
Given that v is process dependent and difficult to control,
the noise performance can be optimized by increasing the
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Fig. 3. Configuration of a common-gate input stage.

Cgs = Vgs G) nggs R,

R,
—AW—
7.
l;‘ ButVs

. $ N d

.\
Vs CGT Vg Cu=—

3 7y, L
R, L ¢ .
()

Fig.4. (a) MOS transistor small-signal model and (b) its usage in common-gate
stage input impedance derivation.

transconductance of the MOS transistor, i.e., trading off the
50-Q) input matching.

III. CIRCUIT ANALYSIS

The actual configuration of the common-gate stage (see
Fig. 3) is more complex than that shown previously in Fig. 2(d).
An inductor, L, is placed between the source of the MOS
transistor and the ground terminal forming an LC resonator
with the gate-to-source capacitance C,s in common-gate con-
figuration. The finite output resistance of the transistor also
influences the performance of the LNA. It is observed in Fig. 3
that the load impedance of the common-gate stage and the input
impedance of the next stage will degrade the matching and
noise performance due to the short-channel MOS transistor’s
relatively low output resistance which is generally around
5002 for a 0.18-um CMOS process [27]. The relatively low
gain of a common-gate amplifier is another important design
consideration, as 15 dB of gain is targeted to amplify the
received UWB signal. The small-signal model of the transistor
employed in the analysis is given in Fig. 4(a), in which the
gate-to-drain parasitic capacitance Czq and the finite output
resistance K, are both included to observe the influence of the
important parasitics on the performance of the proposed LNA.

A. Input Matching

The small-signal equivalent circuit for the impedance calcu-
lation is given in Fig. 4(b). Zy, is the impedance of the load, Z,,»
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is the input impedance of the next stage and g,,,1 is the transcon-
ductance of the MOS transistor in common-gate configuration.
The input impedance can be derived as

1
T = 2

1 1—Ggon1 ZO(“-")
gmi+ 7o T TR

where Zg(w) and 7, (w) are given by (3) and (4) below, respec-
tively

1 Jwls

Zs(w) = ijS//ijgs =1= wZCgsLS S
1
Zo(w) = jwcgd//ZL//Zirﬂ )

In fact, the term (1 — g1 Z0(w))/ (7o + Zo(w)) in the denom-
inator of (2) is introduced by the finite output resistance of the
MOS transistor R, due to channel length modulation effect. To
obtain more insight on the impact of R, on the input impedance,
we may assume that Zg(w) and Z,(w) are both composed of
high-@) inductors and capacitors and can thus be regarded as
purely reactive within the frequency band of interest

Zs(w) = jXs(w) ®)
Zo(w) = j Xo(w)- ©)

Equation (2) can be re-written by substituting (5) and (6) into
(2) and we get

1
Zin= -
m s 1 1—7gm1 Xo(w)
gm1— ] X5 (w) + Ro—laj)l(o(w)
_ 1
B g1 X2()=Ro\ _ - _1 g1 Ro )
(9m1 = 2225505 ) i (st + 7t - Xo(@)

(N

The term 1/Xg(w) in (7) dominates the imaginary part be-
cause gm1 Ry Xo(w) << RZ+ X 2(w) throughout the frequency
of interest. Since g,,1 X2(w) << RZ + X2(w), the real part
in the denominator will remain relatively constant within the
3.1-10.6-GHz UWB band.

Some observations can be made based on the foregoing
derivations: The transconductance of the MOS transistor in
common-gate configuration should be set slightly greater than
20 mS for better matching due to the effect of the MOS tran-
sistor’s finite output resistance R,,. The imperfect matching of
the common-gate stage throughout the band arises from the
frequency dependent X g(w) that dominates the imaginary part
in the denominator, i.e., the impedance of the LC tank formed
by L, and Cy,. To get a good matching over the wide band, L
and Cyg should be selected such that they resonate at the center
of the 3.1-10.6 GHz, leaving only a 50-{2 real input impedance.

Simulations show that best input matching is achieved over
the 7500-MHz bandwidth with a MOS transistor with an aspect
ratio of 120 m/0.18 ym and L of 7.46 nH. As shown in Fig. 5,
the best input matching is achieved while g,,; is 21.8 mS and
input matching degrades with the further increase of ¢,,1. The
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Fig. 5. S11 versus transconductance of the common-gate input matching ar-
chitecture.

highest g,,,1 that keeps S11 below —10 dB over the entire UWB
bandwidth is 32 mS.

B. Gain Analysis and Variable Gain Mechanism

In order to effectively amplify the low PSD UWB signal at the
receiver, a relatively high gain is desired for the LNA. For ex-
ample, the LNA proposed in [11] provides a gain of 15 dB over
the UWB bandwidth, and even higher gain is targeted in the de-
sign stage so as to compensate for the possible implementation
loss due to process variations. Meanwhile, as the development
of the other blocks in the UWB receiver front-end is still on the
way, a variable gain mechanism is desired in the LNA so that it
can be incorporated into different UWB receivers with different
link budgets without significant modifications.

In general, a resistor is employed as the load of a wide-band
amplifier with a series inductor. This combination boosts the
load impedance at high frequency. However, such a load is not
applicable for a common-gate LNA because the resistor sub-
stantially degrades the noise performance of the circuit. Thus, a
single inductor serves as the load for our design. It resonates
with the total capacitance at the output of the common-gate
stage, but limits the bandwidth of the amplifier. A new tech-
nique is introduced here to broaden the bandwidth while en-
hancing the gain of the amplifier. Two common-source stages
with inductive loads are added after the common-gate stage to
increase the gain of the amplifier. The three inductive loads are
selected so that they resonate with the total capacitance at the
output node of each stage at three different frequencies within
the 3.1- to 10.6-GHz band. Consequently, with proper tuning of
the three frequency points, the bandwidth and the gain of the
amplifier are both enhanced.

Fig. 6 illustrates the proposed bandwidth and the gain en-
hancement technique, and shows the simulation result for the
power gain. The graph indicates that a relatively high while
flat gain of 15.4-18.7 dB is achieved on the 3.1- to 10.6-GHz
UWB band justifying our enhancement technique. However,
more have to be done to compensate for the implementation
losses. As can be found in many wide-band amplifier design
works, the measured gain is less than the simulated gain, which
is probably due to the EM radiation loss and the substrate loss
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Fig. 7. MOS transistor noise model including the induced gate noise.

of the silicon process. Furthermore, such loss increases with fre-
quency. Therefore, the loss at the high-end of the frequency
band is assumed to be 3 dB higher than that at the low-end
around the nominal gain of 15 dB, and this assumption is ver-
ified in Section V by the post-layout simulation, in which the
substrate loss has been taken into consideration.

C. Noise Analysis and Optimization

Extra attention should be given to the noise characteristics
of the proposed LNA as it employs a common-gate stage to
achieve wide-band input matching, which is generally noisier
than the narrow-band matching techniques such as inductive
source degeneration. In order to optimize the noise perfor-
mance, the MOS transistor noise model with the induced gate
noise and the channel thermal noise is employed for the anal-
ysis (see Fig. 7) [28]. In Fig. 7, ¢2 , is the PSD of the channel
thermal noise which is given as 7

-
Zn d
— = 4kT~q, 8
Af Ygdo (3
where k is the Boltzmann constant, 7" is the absolute temper-
ature in Kelvin, g4¢ is the zero-bias drain conductance, and
Af is the bandwidth over which the noise figure is measured
[27]-[29]. The PSD of the induced gate noise is given by

—29 — AKTS 9
Af 9g 9
where ¢ is the coefficient of the induced gate noise and g, is
the equivalent shunt gate conductance, which is given by g, =
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Fig. 8. Noise calculation of the common-gate stage cascaded by a common-
source stage. (a) Basic schematic. (b) Equivalent small-signal circuit.

w2C§S /5ga40. Typically, é is 4/3 for long-channel devices, and it
increases in short-channel devices [27]-[29]. The induced gate
noise is partially correlated with the channel thermal noise, with
a correlation coefficient c, given by

o
= —(—=. (10)
1,2 i

Theoretically, ¢ = —0.3955 for long-channel devices with the
noise current direction defined in Fig. 7, and its magnitude de-
creases as the channel gets shorter [27]. Thus, the induced gate
noise can be divided into two parts as shown in Fig. 7: The first
part is fully correlated with the channel thermal noise with a
PSD given by 12 , ./Af = 4kTég4|c|* and the second part is
fully uncorrelated with the channel thermal noise with a PSD
givenby i2 | /Af =4kT6 - gg - (1 — |c[?).

Due to the low gain of the common-gate stage, the noise con-
tribution of the subsequent stages cannot be simply neglected.
We perform the noise figure calculation at the output of the
second common-source stage so as get a more accurate approx-
imation of the noise performance of the whole amplifier. Based
on the schematic of the circuit for noise analysis and its small-
signal equivalent circuit given in Fig. 8, the output noise PSD
contributed by the source resistor is given as

AKT Ryg2,192,5| Zo(w))?

n,R; — R’ .
(1+gmlR ) + IZ (w)‘v

(11)

The noise contributed by the part of the induced gate noise in
M that is fully uncorrelated with the drain noise is given by

) 4]§T(X6'(1_ |c\2)-w20351b?§ ’n(w)|2
n,g,u,l — A L5
5. [(l + gm1Rs)? + m]
ad - (1 —le 2 p gs R
(1 —lel*) - wChan S R.. (12)

5'gml
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The output noise PSD due to the two noise sources in A is then

given by
R2
aRs.Q'ml ‘ZS (w)‘

ad - ‘ |{) 2C2Q1H5’
5(}ml

c|\/7qu<,SlR

JGm1Zs(w)

where the first term is contributed by the channel thermal noise
of M, the second term by the correlated part of the induced
gate noise, and the last term arises from the correlation of these
two noise sources. Similarly, the noise contributions by M, are
given in (14) and (15), respectively

Sn,g,d,c,l -

- Su.R, (13)

Sn,g,m2

_ a-6(1—|c?) w 20332
N 5R€ *dm?2

1 2 R2
=+ Rs) +
[(gml 9 - 1 Zs(w)]?

] } - Sn,ry (14)

Sn,g,d,c,2
= 4k1’1qm2
+z kl ab - W’ Cly - | Z(w)
. , v
— J8kT gmaZ, - || - wCiysa =
v

R sgma| Zo(w)[?

ad|c|2w? QZo|c\w\/%6
5Rew3,  jRswro|Zo(w)|?

Im1
The noise factor of the common-gate input stage cascaded by a
common-source stage can now be derived from (11)—(15). Fol-
lowing the definition in [17], the noise factor is derived as

Sn,g,u,l + Sn,g,d,c,l + Sn,_q,u,2 + Sn,g,d,c,2

1 2 RQ
— 4Ry} 4 | - Supe. (15
( )+ (w>|~] o (19

F=1+

Sn,RS
Sn u,2 Sn d,c,2
— Fl + ) 4 »9,4,C (16)
Sn,Rg Sn,Rg

where F is the noise factor of the single common-gate stage,
excluding the effect of the noise contributed by the common-
source stage which is given by the later two terms. The expres-
sion of F is given as

ab - (1—|c?) -wZC’gﬂRs
b *Iml

o R?
) .
 aRagm < "1z W)

adle?w?Cy) Ry 2‘C|\/ FrwCga s
5gm1 Jgm1Zs(w)

=1+

a7
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In (17), it can be observed that two approaches are available to
suppress the noise figure.

1) L, and Cgs can be selected such that they resonate around
the center of the 3.1- to 10.6-GHz band ensuring a max-
imum |7s(w)| at that frequency point and maximize the av-
erage | Zs(w)| value over the whole 7500-MHz bandwidth.
Fortunately, this coincides with the requirement on L and
Cgs1 for better matching as discussed above.

2) As ¢m1 appears in the denominators of all noise com-
ponents, we can increase it to reduce the overall noise.
However, the input matching degrades as g,,1 increases
(see Fig. 5). Nevertheless, S11 is still below — 10 dB as
we increase ¢,,1 to our tradeoff value of 32 mS. Simi-
larly, in (16), to minimize the noise contribution of the
common-source stage, g2 and wrs can be increased to
minimize the noise contribution from the second stage. We
should note that since the noise is mostly dependent on the
first stage, this modification may not be that effective.

The choice of load inductor L, and the transistor aspect ratios
are also important. It is obvious in (17) that a smaller Cyq; will
result in a lower noise figure. On the other hand, scaling down
the width of M means more current is consumed to maintain
the same g,,1. Therefore, the M; width should be chosen as
large as possible within the tolerable noise performance. 7, (w)
in (16) is determined by the common-gate stage load inductance
L, and the total capacitance at the drain of M7, i.e., Cyso+Clai-
An L, value is employed such that L, and Cye2 +C'za1 resonate
around the center of the band to avoid the boosting of noise
figure at the marginal band where |Z,(w)| decreases greatly.
The choice of L will yield a better noise performance around
the center of the band when compared to the performance at both
ends of the band (3.1 or 10.6 GHz) as the gain of the first stage
reaches its minimum at those two frequencies and the noise con-
tribution of the following stages becomes significant.

A low-(@) inductor load is preferred because it reduces the
overall noise as the average noise figure decreases with a slight
increase in the minimum achievable value. Furthermore, accom-
modating the design in a CMOS technology with low-@) in-
ductors is easier. The employment of a high-() inductor as the
load of the common-gate stage would result in a better min-
imum-achievable noise figure at the center of the band, but it
would generate significant ripples in the gain curve.

Preliminary simulations show that the noise figure is kept
below 4 dB over the entire bandwidth with an average noise
figure of only 3 dB, which is acceptable for UWB applications.
Itis expected that the noise figure will increase in the post-layout
simulation due to the parasitic effects. Nevertheless, the princi-
ples discussed in this section still apply to the optimization of
the CMOS UWB LNA noise performance.

IV. CIRCUIT DESIGN

The design of the proposed CMOS UWB LNA is based on
the Chartered Semiconductor Manufacturing (CHRT) 0.18-m
1.8-V standard RFCMOS technology. For high frequency
performance and minimum parasitic capacitances, a minimum
channel length of 0.18 xm is chosen for all the transistors em-
ployed in the proposed circuit. The schematic of the proposed
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Fig. 9. Schematic of the proposed CMOS UWB LNA (with biasing circuit).

CMOS UWB LNA including the output buffer and the biasing
circuit is shown in Fig. 9.

For the maximum transconductance of 32 mS (dictated by the
matching criteria) with a given biasing current, the A/, width is
set to be 120 pm, with the source inductor chosen as 7.46 nH.
A large capacitor of 10 pF is connected between the M, gate
and the ground terminal to ensure a good AC grounding and to
bypass the noise contributed by the biasing circuit.

Selection of M5 width is critical due to the restriction that an
inductor must be available in the component library provided by
the CHRT PDK to resonate with Cyq1 + Cys2 around the center
of the frequency band. Iterative simulations indicate that for the
best noise performance; L1 is chosen to be 2.39 nH while the M-
width is 120 pm. It is worth mentioning that although A; and
M5 possess the same aspect ratios and the value of L; is much
smaller than that of I,, the resonant frequency of the LC tanks
formed by L, with Cyq1 and Ly with Cyea 4 Clpa1 are expected
to be both around the center of the frequency band. This is due
to the existence of Cyq1 and the parasitic capacitance introduced
by the coupling capacitor C'.

A cascode transistor is added for both of the two common-
source stages to mitigate the Miller effect that would introduce
additional problems in the selection of the peaking frequency.
Furthermore, the cascode structure improves the reverse isola-
tion and gain of the amplifier without additional power con-
sumption.

A source-follower has been added as an output buffer for
testing purposes. The output impedance is given as

1 —|— jw23 (w) Cgsﬁ
ZOH ) = - - (o)
t(w) Imé +.7ng56 //’r 6//

1+ .jWZS(w)CgSG
Tor =~ -
Imeé + .]ngSG

(18)
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Fig. 10. Input reflection coefficient.

where Z3(w) is the impedance of the LC tank formed by L3
with Cyas + Cgae. To avoid the degradation of in-band output
matching, a small inductance value of 1.43 nH is selected for
L3, achieving the highest peak. Meanwhile, a smaller Cyg is
desired to minimize the degradation as can be observed in (18),
thus the width of the source follower transistor, Mg, is set to be
only 30 pm.

With the selection of the frequency of the two peaks for input
and output matching as well as noise consideration, the peak
generated by Lo with Cysq + Cgq3 is determined to be at the
lowest frequency of the three. The width of M, and the induc-
tance of Lo are found to be 120 um and 5.30 nH, respectively
for best gain flatness. The ()-factor of the inductors in modern
CMOS technology generally vary significantly with frequency,
thus a feedback resistor is introduced between the drain of M,
and M3, to damp the @Q-factor of I for better gain flatness.

The circuit is biased by means of current mirrors. To min-
imize the power consumption, the common-gate stage shares
the same current mirror that biases the source-follower, while
the two cascode stages shares another. The resistors Ry, R4, R5
are added for signal choking, while g ensures good reverse
isolation by forming a low pass filter with C,. By adjusting the
resistance of Ry, we can determine the biasing current and the
transconductance of both cascode stages to adjust the overall
gain of the LNA.

V. PERFORMANCE SUMMARY

The circuit simulations of the proposed design are performed
in Cadence SpectreRF. The layout has been drawn and the par-
asitic effects have been extracted and taken into account in the
post-layout simulations. Optimization has been performed in
the post-layout simulation and the performance of the proposed
CMOS UWB LNA is summarized in this section.

Fig. 10 shows the input reflection coefficient in both pre-
layout and post-layout simulations. S11 is kept below — 10 dB
in the pre-layout simulation while 1-dB degradation is observed
in the post-layout simulation. This is mainly due to the parasitic
capacitance of the input pad, which directly adds to Cys; and
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Fig. 11. Power gain.

TABLE II
R: AND THE CORRESPONDENT POWER GAIN AND POWER CONSUMPTION

Ry (Q) Power Gain(dB) | Power Consumption(mW)
400 15.9-175 B2
500 14.9-166 305
600 138156 1
700 125-143 2.0
800 11.3-130 13
900 99-11.6 n7

decreases the resonant frequency of the input LC tank. Never-
theless, S11 is below —9 dB over the entire 7500-MHz band-
width, indicating an acceptable input matching.

In Fig. 11, the gain curves in both pre-layout and post-layout
simulations are shown. The gain in pre-layout simulation is
adjusted to increase with frequency slightly, as discussed pre-
viously. The resulting power gain in the post-layout simulation
exhibits good flatness, justifying our “pre-compensation”
technique. The proposed LNA provides 16.7£0.8 dB of gain
over 3.1-10.6 GHz with a power consumption of 33.2 mW.
By varying the resistance of Ra, the transconductance of the
two cascode stages are both changed effectively to tune the
overall gain of the LNA without significantly influencing the
other parameters. This feature simplifies the modification of
the design when a specific gain value is required for the LNA.
Table II gives a set of the gain and power consumption of the
proposed LNA corresponding to different values of Ro.

The noise performance of the proposed design is shown in
Fig. 12. The noise figures in pre-layout simulation and in the
two gain modes of post-layout simulation are compared. The
noise figure in the pre-layout simulation is kept below 4.5
dB over the entire band with the gain given in Fig. 11 curve
(a). The noise figure is below 5.7 dB with an average value
of 4.1 dB in post-layout simulation where the gain is set to
16.7 dB. When the gain drops to 10.8 dB, the noise figure
fluctuates by approximately 0.3 dB at the low frequency end
and by 1.2 dB at the high frequency end of the band. Thus,
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Fig. 13. Output matching and reverse isolation.

variable gain is achieved without a substantial degradation
in the noise performance.

The remaining S-parameters of the proposed UWB LNA de-
sign are shown in Fig. 13. Output matching S22 is better than —
13 dB and the reverse isolation S12 is higher than 70 dB in the
post-layout simulation. For a wide-band application, a constant
group-delay is desired to minimize the phase distortion. How-
ever, the requirement is not that stringent for an UWB system.
As shown in Fig. 14, the group-delay of the proposed design
is not constant due to the employment of LC peaking, but the
122 + 48 ps group-delay of this design is still comparable to
that of the recently reported UWB LNA designs [21], [30]. The
post-layout simulation result of input-referred 1-dB compres-
sion point is shown in Fig. 15. The linearity of the proposed
UWB LNA is not as good as many reported narrow-band de-
signs; however, it is sufficient to ensure that the received UWB
signal does not suffer from significant gain compression at the
LNA stage due to the very low PSD of the signal. In Fig. 16, the
layout design of the proposed CMOS UWB LNA is shown. The
die size is 0.50 mm? (0.74 mm x 0.67 mm), including the pads
and the guard ring.

Table III summarizes the performance of the proposed CMOS
UWB LNA and makes a comparison of the circuit with the re-
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Fig. 14. Group-delay of the proposed UWB LNA.
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Fig. 15. Post-layout simulation of the 1-dB-gain compression point.
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Layout of the proposed circuit.

cently reported designs. All the wide-band LNA works com-
pared here are based on the conventional transistor-amplifier ar-
chitecture.
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TABLE III

PERFORMANCE SUMMARY OF THE RECENTLY REPORTED WIDE-BAND LNAS

AND THE PROPOSED CMOS UWB LNA

19, 24 29] 30 This
mo] | oA | R B |
Bandwidth
2495 | 2046 | 3148 2.052 3.1-10.6
[GHz] |
Power Gain
74104 | 6898 | 164170 | 155165 | 159175
1dB]
Noise Figure
4290 | 2339 | 3943 4.7-5.7 3.1-5.7
[dB]
Input Match
<94 <9 <15 <9 <9
[aB]
Output Match
<8 <11 - <15 <13
[dB]
Su Voltage
oy . 18 18 18 2 18
M|
Power
Conswmption 18 162 21 38 33.2
[mW]
0.18um | 0.18um | 0.18pum 0.13pm 0.18um
Technology
CMOS | CMOS | CMOS CMOS CMOS

Th

*: The power consumption includes the output buffers.

VI. CONCLUSION

is paper demonstrates the design of an UWB LNA based on

a standard RFCMOS technology. Acceptable input matching
and noise performance are achieved after investigating the
tradeoffs between the input impedance of the common-gate

stage

and its noise performance. By employing the LC peaking

and pre-compensation techniques, flat gain is achieved over the
7500-MHz UWB spectrum. It is worth mentioning that this
technique is especially suitable to realize wide-band designs
in CMOS technology since it obviates the need for high-Q)
spiral inductors. The proposed fully integrated CMOS UWB

LNA

will be another step towards the implementation of the

single-chip UWB transceivers.
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