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ABSTRACT

A new theoretical approach for designing a low-noise ampli-
fier (LNA) for the ultraswideband (UWB) radio is presented.
Unlike narrowband systems, the use of the noise figure (NF) per-
formance metric becomes problematic in UWB systems because
of the difficulty in defining the signal-to-noise ratio (SNR). By
defining the SNR as the matched filter bound (MFB), the NF mea-
sures the degree of degradation caused by the LNA in the achiev-
able receiver performance after the digital decoding process. The
optimum matching network that minimizes the NF as defined
above has been solved. Since realizing the optimum matching net-
work isin genera difficult, an approach for designing a practical
but suboptimum matching network is also presented. The NF per-
formance of both the optimum and the suboptimum matching net-
worksis studied as afunction of the LNA gain.

1 INTRODUCTION

The ultrawideband (UWB) radio is arelatively new technol-
ogy that is being pursued for both commercial and military pur-
poses [1][2]. It operates by spreading the energy of the radio
signal very thinly over a wide bandwidth (e.g. severa gigahertz).
The rationale for deploying the UWB radio systems lies in the
benefits of exceptionally wide bandwidths, thereby achieving a
combination of very fine time/range resolution, ability to resolve
multipath components, and favorable propagation condition of
material penetration at low frequencies[3].

The goal of the receiver analog front-end is to condition the
received analog signal for digitiziation, so that the highest perfor-
mance can be achieved after decoding in the digital domain. The
first and probably the most critical component of the analog front-
end is the low noise amplifier (LNA), whose purpose isto amplify
the received signal from the antenna with as little distortion and
additional noise as possible. This is achieved by designing an
appropriate matching network placed between the antenna and the
amplifier.
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Unlike the narrowband LNA, the signal bandwidth of an
UWB radio is severa orders of magnitude greater. Hence, the
underlying single tone signal assumption employed in narrow-
band LNA design becomes invalid, making many of the existing
narrowband design techniques [4] based on this assumption aso
unsuitable.

The LNA is often designed to present an input impedence of
50Q to avoid reflections on the transmission line connecting the
off-chip antenna to the on-chip LNA. In this paper we consider a
highly integrated UWB radio system. We assume that the antenna
is placed in close proximity of the LNA, allowing us to ignore the
50Q input impedence requirement.

For the noise factor (NF, or noise figurein dB) of the LNA to
be a meaningful metric in an UWB receiver, we define the SNR as
the matched filter bound (MFB) [5], which represents an upper
limit on the performance of data transmission systems. The MFB
is obtained when a noise whitened matched filter is employed to
receive a single transmitted pulse. By defining the SNR as the
MFB, the NF measures the degree of degradation caused by the
LNA in the achievable receiver performance after the eventua
digital decoding process. In this paper, the optimum matching net-
work that minimizes the NF as defined above has been solved.
Since the optimal LNA matching network is generaly difficult to
realize in practice, we also present an approach for designing a
sub-optimal but practical matching network.

The paper is organized as follows. The circuit and system
model of the LNA-Antennais presented in Section 2. In Section 3,
the general solution to the optimal and suboptimal matching LNA
are derived. Performance results are presented in Section 4. Con-
clusions are drawn in Section 5.

2 CIRCUIT AND SYSTEM MODEL

Throughout this paper, capital letters are used to denote the
Fourier transforms (e.g. X(w)) of (voltage or current) system
responses in the time domain, which are written in the correspond-
ing lower case letters (e.g. x(t)). Sometimes the terms w and t are
omitted for notational brevity unless needed for clarity.

2.1 Circuit model of LNA-Antenna

The quasi-static MOS transistor model is employed in this
paper to account for the high-field effects in short-channel devices
[6]. Accordingly, the transconductance gy, and the gate-source



capacitance Cys can be represented in terms of the power dissipa-
tion Py (= 1gVaypply) and the normalized gate overdrive p (= (Vg
Vin)/Lesa):
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where L is the gate length, Vg is the gate-source bias voltage, Vi,
is the threshold voltage, vy and gy are the saturation velocity
and electric field, respectively.
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Figure 1 : Circuit model of LNA

Fig. 1 shows acircuit model of the analog front-end, includ-
ing the antenna, the matching network, the LNA and a load, with
three noise sources: the thermal voltage noise from the antenna
resistance vg(t), the MOS gate current noise ig(t), and drain cur-
rent noise ig(t). With no lossin generality, the antennais modeled
as a voltage source Vv(t) with an impedance Zgw) = Ry(w)+jXy(w)
while the amplifier is assumed as a common-source MOS transis-
tor. The matching network is assumed lossless, consisting of two
reactances, X4(w) and Xy(w), asillustrated by the solid-line block

in Fig. 1. For ease of analysis, the source reactance X{(w) is
grouped with X;(w) and referred to as X,(w), and the gate-source
capacitance Cyg is grouped with X5(w) and referred to as Xp(w).

The power spectra density (PSD) of the thermal noise from
the antenna, the drain and the gate noise are given by

S, (@) = 4KTR(0) ©)
§,(w) = 4kTIg, (4)
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where k = 1.38 x 1023 JK is the Boltzmann constant, T is the
absolute temperature, o is the ratio of g,, to the zero-bias drain

conductance, y and 0 are the coefficients of channel and induced
gate noise. Random noise processig(t) is correlated to i(t) with a

correlation coefficient ¢ as given by [7]
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where agid(w) is the PSD of the cross-correlation of ig(t) and

ig(t). For along channel device ¢ = 0.395j. For lack of a more

accurate value currently available, we assume that the long chan-
nel values for ¢, a, y and & are also valid in the short channel
model employed in this paper.

2.2 System model of LNA-Antenna
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Figure 2 : System block diagram of LNA.

Fig. 2 isthe system model of the circuit model in Fig. 1. The
objective is to design the causal matching network (i.e., X5(w)

and Xy(w)) so that the SNR at the output v,(t) is maximized. In
the presence of ig(t), there exists an optimum gain in the matching
network that balances the combined effects of iy(t), ig(t) and sig-
nal amplification.

Note that i4(t) can be decomposed into two orthogonal com-

ponents, i.e.,
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where [ isthe convolution operator, ig,(t) is the uncorrelated
component of ig(t) to iy(t), and y.(t) is the equivalent correlation
admittance between ig(t) and ig(t)/gm. From (4)-(7), the Fourier
transform of y.(t) (i.e., Yg(w)) can be obtained and given by
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Using the definition of the SNR described earlier, the SNR
at theinput of the LNA (i.e., the SNR of the received input signal)
isgiven by [5]
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where P(w) is the normalized channel response to a single multi-

path component (i.e., ||p||2—1) and A is the scaling factor of the
received signal. With no loss in generality, we assume that the
received signd isa2nd derivative of a Gaussian pulse[2].

Similarly, the SNR at the output of the LNA is

SNRyy, = | Asnﬂ(%))—dm (10)



where Sno t(oo) represents the input-referred noise of all the noise

sources in the LNA, which is given by
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where the spectrum of ig,(t) is
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3 LNA NOISE MATCHING

3.1 Optimal matching

Reactances Xj(w) and Xp(w) that maximizes SNR,; are
obtained by differentiating (10) with respect to X;(w) and Xy(w) and
setting the result to zero. Assuming the output noise power of ig,(t)
. . . 2 2 L
is less than that of iy(t) (i.e., $gu(w)RS(w)gm< Sd(w) ), which is

typically the case, the optimum X,(w) and Xg(w) (denoted as
Xajopt(w) and Xb’opt(w)) can be solved:
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Substituting (13) into (11), the optimum NF, denoted as NFy, is
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where wr is the unity gain angular frequency:
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Assuming a resistive load Z,q (= Roag) the corresponding

signal voltage power gain (in units of V2/V?) of the LNA, denoted
as Gy, isgiven by
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As will be shown in the following sections, a trade-off between
high G and low NF o exists by varying p for agiven P,

Note that X gpi(w) and Xy, o(w) given in (13) minimize the
degradation in SNR,; caused by the additive noise at every fre-
guency, and hence they become independent of the received signal
pulse. In a realistic matching network with a fixed structure, how-
ever, designing X (w) and Xy(w) with arbitrary reactances as
assumed in the optimum matching network is in genera not possi-
ble. The matching network then becomes a function of the transmit-
ted signal pulse.

3.2 Suboptimal matching
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Figure 3 : suboptmal vs. optimal reactancein asignal region
given gy=1mS and Cye=1pF

Since realizing the optimum matching network is in general
difficult, a heurisitc approach for determining a practical but subop-
timum matching network is presented. Based on X, on(w) and
Xp,0pt(00), @ structure for the suboptimum matching network that
best approximates the optimal response is first selected. The
antenna impedance is assumed to be 50 Q across the bandwidth of
interest. As shown in Fig. 3, the optimal matching network can be
approximated by a two element (L, and C,,,) L-matching network,
i.e., X3(0) = joolz and Xp(w) = L/jwCyp, where Cy= Cys + Cpand Ly
=Ly, Thechoiceof L, and Cy, is determined by numerically solving
the following constrained optimization problem:
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The cost function (i.e., NF) in (18) is obtained by substituting
Xg(w) and X,(w) of the L-matching network into (10) and (11).
Similar to (17), the corresponding signal voltage power gain (in
units of V4/V?) is
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4 PERFORMANCE RESULTS
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Figure 4 : Contours of noisefigureand signal gainrelating p for
aspecified P, (the number on the curves)

In Fig. 4 the NF is plotted against the signal voltage gain G

(in units of V4/V?) for both the optimum (in dash-line) and the
suboptimum matching networks (in solid-line) when P is fixed.
In the optimum matching network, a trade-off between reducing
NF and increasing G can be made by varying the normalized gate
overdrive p. For sufficiently high G, large increases in G causes
only a small increase in NF. For example, increasing G from 10
dB to 20 dB when P, is 10 mW increases the NF by less than 1
dB. In the suboptimum matching network, there is an optimum G
that minimizes the NF. For example, when P, is 10 mW, the opti-
mum G is approximately 7 dB. If operating below the optimum G,
the NF does not increase much. However, if G is increased
beyond the optimum point, the NF increases abruptly. For exam-
ple, an increase in G from 10 dB to 20 dB when P, is 10 mW
increases the NF by aimost 10 dB. Hence, the LNA that dissipates
P, should not be designed to operate with a gain that is much
greater than the optimum G. Another important observation is that
for afixed NF, increasing G by increasing P, suffers from dimin-
ishing returns. For example, given atarget NF of approximately 3

dB, increasing P, by 20 mW from 10 mW to 30 mW improves G
by less than 1.5 dB; whereas increasing P, by only 6 mW from 4
mW to 10 mW increases G by more than 11 dB. This diminishing
returns in G suggests that large signal amplification is most effi-
ciently achieved in multiple stages.

5 CONCLUSIONS

A generalized approach for designing an UWB LNA that
minimizes the NF with the SNR defined using the MFB has been
developed. The matching network consists of two lossless reac-
tances, which are connected in series and in paralel to the MOS
amplifier. The optimum matching network depends only on the
LNA device noise while the suboptimum matching network
depends also on the received signal and noise. This additional
dependency of the suboptimum matching network results because
designing matching networks with arbitrary reactances as
assumed in the optimum matching network isin general not pos-
sible.

For asimple L C suboptimum matching network that we con-
sidered, there exists an optimum G that minimizes the NF for a
given power dissipation. Although the optimum G can be
increased by increasing power consumption, this approach suffers
from diminishing returns. Hence, asingle stage amplification may
not be sufficient; more complex matching network or multiple
amplification stages with attendant complexity may be required.
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