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Abstract— In this paper, we introduce a systematic method to
design CMOS low noise amplifier (LNA) for ultrawideband
(UWB) applications. The proposed method is addressed to
optimize noise performance and power efficiency while
maintaining good input and output matching. The synthesized
LNA achieves up to 14dB power gain with a low noise figure
(NF) of 2dB and provides a reasonably acceptable input and
output matching of -10dB across the frequency range of
3~5GHz. The developed LNA, implemented in TSMC 0.18um
CMOS technology, is single-stage architecture with very low
power dissipation of 9m W with 0.9V supply.

1. INTRODUCTION

Ever since RF CMOS technology was introduced, the
major difficulties of RF CMOS circuit implementation are
relatively lower unity-gain-frequency and poor noise
performance of CMOS technology. In fact, the bigger
problem is the lack of systematical design procedure for RF
CMOS circuit implementation. Recently reported
ultrawideband (UWB) CMOS LNA design can be found in
[1]. The LNA introduced in [1] employs a Chebyshev filter
configuration for the input matching and a source follower
for output matching. Though this LNA is a low power
implementation, it provides a relatively low power gain of
10dB and its NF is also as high as 9dB in higher frequency
range. Another general approach allowing wideband
matching is reported in [2]. The distributed amplifier
technique guarantees reasonably good performance in
matching and power gain, but occupies more space and
consumes high power due to the multiple stages. This paper
is addressed to provide a systematic guideline for CMOS
LNA design for UWB applications. In this paper, we
introduce a practical methodology of CMOS LNA design for
UWB applications with respect to impedance matching and
noise/power optimizations. The proposed LNA design
methodology achieves up to 14dB power gain with the
maximum noise figure (NF) of 2dB over 3~5GHz frequency
range.

II.  LNA CIRCUIT SYNTHESIS

In general, it is very difficult to establish a systematic
method for LNA design that simultaneously satisfies low

0-7803-8834-8/05/$20.00 ©2005 IEEE.

Sang S. Choi

Wireless Home Network Research Team
Digital Home Research Division
Electronics and Telecommunications Research Institute
Yueseong-Gu, Daejon, Korea
sschoi@etri.re.kr

NF, impedance matching, and high gain all simultaneously.
The major difficulty comes from the fact that the optimal
source impedance for best noise performance is normally
different from the matching condition for maximum power
delivery. So it is very important to confirm initial design
decisions of circuit parameters because the noise and
impedance matching conditions are highly related to each
other. The proposed LNA design is based on a source
degenerated topology, which is a widely wused for
narrowband LNA. The source degenerated topology can
maximize power gain by minimizing feedback effect, which
mainly sacrifices gain. The synthesized LNA schematic is
shown in Figure 1.
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Figure 1.

A.  Transistor sizing and bias condition

Since the size of transistor and bias condition determine
the power dissipation, it is often recommended to decide
them with a certain power budget. However, we should
evaluate the size of the transistor versus bias condition
carefully, because they are also related to the impedance seen
by the input gate. Thus, the first choice is to determine the
size and bias condition that satisfies both impedance and
noise matching with limited bias current. According to the
MOSFET noise analysis [3], the generator (sometimes
source) admittance for optimal noise performance is given
by (1.1) and (1.2).
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where o = g,/240, and noise parameters ¢, J, and y as
defined in [3].
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For the sake of simplicity, we ignore the correlation of
noise so that ¢ can be set to 0. Therefore, we can simplify
(1.1) and (1.2) as,
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Furthermore, by taking into account the degenerative
inductor L, at the source-end, (2.2) can be modified as
| ol, (2.3)
oC

g

opt ~

Note the expressions (2.1) to (2.3) represent real and
imaginary terms of impedance, unlike (1.1) and (1.2) which
are admittance expressions.

It is clear that optimal noise condition and maximum
power delivery are obtained simultaneously when
Zop,=Z,-,,_eq*, where Z;, ., is the equivalent input impedance
seen by input gate of amplifying transistor given by,

. gL | 1 (3)
Zy o =Ry o+ X, . :M+J[st_}
_eq _eq _eq Cgs a)C

g

However, since it is not easy to make both Z,,, and Zf,,ieq*
equal, thus it better satisfies the inequality as shown in (4)
for higher gain. Obviously, smaller resistive term of input
impedance seen by the gate-end leads to higher gain.

Rinieq < Ropt < RS (4)
where R, is the resistive term of source impedance Z,.

Since reactance term of Z,,, and Z,-Uq* are almost always
matched according to (2.3) and (3), inequality (4) will force
Z, o to form a bigger circle than Z,, in the Smith chart
representation for the frequency range of interest.

As mentioned already, we determine a bias condition
with limiting bias current so that DC bias current Ipg is a
fixed value. For simplicity, we assumed g,, = w,Cox(W/L)Vy
and Cg, = (2/3)WLC,, by ignoring overlapped channel length
L,,, and these give an initial V,;as in (5).

2
< 2R L (5)
© 3Lu,

Note that we are considering minimum channel length L
in (5). Once we determine the maximum Vg we can specify

the minimum g, as g = 2Ipg/Vep max,» Where Veg oy 18 the
maximum effective voltage.

Assuming y = 2, d = 4, and a = 5 because g, = 0.2g,, in
active region, (2.1) can be further simplified as
R, z1/\/50)% . Thus, we can determine a minimum

channel width W as w > 3/ 2\/EwRS LC,, . Again, minimum
channel length is assumed.

B.  Input impedance matching

For wideband impedance matching, we have to transfer
the source impedance Z,, which is normally Z; = R, = 50 Q,
to Z,-,,_eq* over the frequency range of interest. Conjugate
matching will satisfy the optimal noise condition and
impedance matching simultaneously as a result of transistor
sizing and bias condition described earlier.

First, we derive the 1¥ order butterworth type bandpass
filter from a low pass filter prototype that has been
terminated with R;, ., at both the ends, as shown in Figure 2,

Crpr =

R, .o T wC,

in_eq@e .
Figure 2. Frequency transformation

In Figure 2, w. is the center frequency of the target
frequency range defined as w; + (wy — w;)/2 = w;, + BW/2
and BW is the bandwidth required for the target circuit. Note
that wy and w; are the upper and lower stop frequencies
respectively. Parameter 7 is defined by w/BW. Since we are
interested in signal reflection and not the 3dB bandwidth, the
center frequency is chosen as w,, unlike the general bandpass
filter ~development procedure [5], which defines
o, = o0, - The bandpass filter synthesized with the center

frequency . has minimum power reflection at the center
frequency so that it satisfies the impedance match over the
entire target bandwidth at the cost of small gain reduction in
the upper frequency range.

Obviously, C; and L; is equivalent to C, and L+L,
respectively, where L, is the extra inductor connected to
gate. Expressions L;pr, C; and L; in Figure 2 can determine
the choice of L, as

LS > % (6)

V20g,

where BW,,;, is the minimum required bandwidth.

By definition, the power loss around the stop band is
about 3dB. However, 3dB power loss is unacceptable in
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terms of power reflection and hence 50% excessive
bandwidth is recommended to guarantee an S11 of —10dB
over the frequency band of interest. Since our target
frequency band is 3GHz to SGHz, we apply 2GHz to 6GHz
bandwidth with the fixed center frequency of 4GHz.

Once we design a bandpass filter with R;, ., terminated at
both the ends, R;, ., at the input side should be transferred to
Z, with an impedance inverter as shown in Figure 3.

C=Cy  Li=Ly+L,

¢ hass! i
|
Rincq Le C, SR
2 : I |:“>
L
I

n:1

C, L Lfnn L(-n)t
an{ Ln J‘ "C, SR, P2,
Figure 3. Impedance inverting

Since we addressed R;, ., to be smaller than Z;, inverting
factor »n in Figure 3 is less than unity, so that the inductance
Ly(n-1)/n, which is connected to L, in series, is a negative
value resulting in a smaller gate inductance L,. In general,
Riy ¢q 1s not very small when compared to Z,, thus n is very
close to unity according to the definition ; = R, .]Z. - As

a result, the other series inductor, L,(1-n)/n’, becomes small
enough to be implemented either as a simple line in the
layout or as a bonding wire.

C. Output impedance matching

Once the input impedance matching is completed,
achievable maximum power gain relies on the output
impedance matching. A common technique widely used is to
employ a source follower following the core amplifier. The
Source follower provides an easy output matching method
because the output impedance is simply defined by 1/g,,
where g, is a gate-source transconductance of the source
follower.

However, since the gain of source follower is always less
than 0dB, it decreases the overall gain performance, also
resulting in a slightly higher NF. Furthermore, the extra
amplifier stage without contributing to the gain apparently
consumes more power and occupies extra space. Multi-stage
amplifier design requires reasonable inter-stage matching
that makes the overall design more complicated. For these
reasons, a single stage amplifier design providing both input
and output impedance matching is more desirable. Better
power efficiency can also be achieved using a single-stage
amplifier.

In this paper, we introduce two practical output
impedance matching methods suitable for wideband LNA
design. The first approach is a general matching method

similar to the input impedance matching method explained in
previous section, while the second is addressed to support
mid-range wideband applications such as lower UWB band
of 3GHz to 5GHz. The mid-range wideband matching
method relaxes the complexity of the matching network
allowing a smaller circuit size.

The equivalent output circuit of the synthesized LNA is a
parallel combination of an output resistor 74, drain-to-source
capacitance C, of the cascode transistor and RFC. The
cascode transistor is used to isolate the input and output, and
its output resistance r4 controls the overall gain of the LNA.

One interesting fact is that there is a possibility to achieve
high gain even with smaller bias current from the
relationship 7, =1/A1,, which implies the larger output

impedance with the smaller DC bias current.

In the same manner of the input matching network
development, we apply bandpass filter transformation and
impedance inverting technique for output matching as shown
in Figure 4, which is the first method for general wideband
output matching.

C,=C4*C,

ds” ext

I
T
T

Figure 4. General wideband output matching

The only restriction of the general matching network
development is that C,, should be small enough to cancel out
the negative capacitance extracted by the impedance inverter
represented as (1-n)C; in Figure 4. Note that n is greater than
unity in this case because ry is much larger than Z; in most
cases. Therefore, the required maximum Cy; is derived as

2rt —n+1 @)
\/Erwprds

However, the restriction given in (7) cannot be satisfied
sometimes due to minimum size requirement to drive enough
DC bias current in an amphfymg transistor. It is also worth
mentioning that the series inductor expressed as L,/n’
considerably small enough to allow the use of a bondmg
wire as an inductor instead of an integrated inductor.

Ctls <

The second method is addressed to overcome the
restriction of the first method, but it is applicable only to
mid-range wide bandwidth.

It starts from the assumption that the output impedance of
the cascode stage can be approximated to its resistive term,
rg, around a resonant frequency, so that it simply ignores
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any reactance terms. Thus, one can build a bandpass filter
with 7, terminated at both the ends, and transfer 7, to the
load impedance Z; by impedance inverting technique.
However, this method does not achieve wideband matching,
because the assumption of output impedance of r, is valid
only around the resonant frequency. To increase the
bandwidth, the peak resistive point r,; will have to be
mapped to a higher impedance point than Z;, so that it
eventually maps two impedances presented at frequencies in
between the center frequency w. and the two stop band
frequencies, wy and w;, to Z;. This method can achieve a
wide bandwidth with reasonable impedance matching.

After the bandpass filter and impedance inverter
development, new RF choke (RFC) is derived as a parallel
connection of the initial load inductor RFC,,, selected to
give the resonant frequency at the center frequency, w,, and
the shunt inductor, L, of the filter as shown in Figure 5. Note
that the parallel combination of RFCy,; and L, synthesizes a
smaller RFC resulting in smaller layout area.
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Figure 5. Mid-range wideband output matching
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III. SIMULATION RESULTS

Since FCC allows very low radio emission limit up to —
42dBm/MHz, UWB applications are very sensitive to noise
and require high gain at the receiver side. Also, UWB is
intended for low power applications such as wireless sensor
networks. The proposed LNA, implemented in TSMC
0.18um CMOS technology, is ideal for such applications as
it consumes only 9mW from a 0.9V supply. Table 1
summarizes the performance comparison of the proposed
LNA with other reported LNA designs targeted for UWB
applications.

TABLE L PERFORMANCE COMPARISON
Teah 21 Si1 %) BW | N 3
(dB) (dB) @) | GH» | @B) | @mw
Proposed OCII\Z’(l)'g <14 <10 <10 35 2 9
n OCII%’;’ <10 <99 <99 | 2392 9 9!
21 el IS <8 <9 | 062 6.1 52
161 Oddum 1 < <9 <9 3-10 3 27!

! Power dissipation on a core amplifier

Post layout simulation results are shown in Figure 6 ~ 8.
One can notice that both S11 and S22 are below —10dB and
the overall gain is 13.5dB with £0.5dB flatness. Noise figure
is below 2dB over the target bandwidth as shown in Figure 8
and it is a reasonably good noise performance for UWB
applications.
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Figure 7. Simulated S21

Figure 6. Simulated S11 and S22
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Figure 8. Simulated NF

IV. CONCLUSION

Based on the theoretical and practical analysis, a
systematic procedure for the design of an UWB CMOS LNA
is presented. The synthesized LNA guided by the proposed
methodology achieves up to 14dB power gain with a
suppressed NF as low as 2dB and provides good input and
output matching over 3~5GHz. The single stage amplifier
consumes only 9mW from a 0.9V supply, which is
distinguished performance improvement achievable with
CMOS technology.
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