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Abstract: A generalised form of a concurrent dual-band matching network has been proposed for a packaged
CMOS low noise amplifier (LNA). To eliminate the detrimental effects of component non-idealities on
matching performance, a modified set of design equations has been developed. The robustness of the
proposed network has been demonstrated at the GSM900 and DCS1800 bands. Incorporating this network, an
LNA designed in a 0.18 uwm CMOS process provides S;; of —33 and —30 dB, gain of 16.54 and 11.03 dB and
noise figure of 1.35 and 2.37 dB, respectively, at 900 MHz and 1.7 GHz. The LNA draws a current of 2 mA

from 1.8 V supply.

1 Introduction

Dual-band and multi-band transceivers [1, 2] are much in
vogue these days in cellular phone applications. The design
schemes for implementing this multiple band operation
from the low noise amplifier (LNA) perspective are
primarily subdivided into four categories: (a) parallel LNA
[3], (b) switched LNA [4], (c¢) wideband LNA [5] and
concurrent LNA [6]. Among them, the concurrent multi-
band approach has become more popular in recent days, for
accessing multi-functionality like voice, video and internet
simultaneously in a single transceiver. However, the design
of input matching networks for concurrent LNAs becomes
especially challenging because of component non-idealities
and thus requires high-quality inductors and capacitors.
Hence, these matching networks are often realised off-chip
[6] or on a different substrate [7]. Further, in mass product
applications, the integrated circuits are almost always
mounted in a package and electrostatic discharge (ESD)
protection structures are required for reliability reasons.
Various articles [8, 9] have already highlighted that the pad
and package parasitic can have a significant effect on the
single-band ~ common  source LNA  (CS-LNA)
performance. Therefore it is very much imperative to
design concurrent matching networks, which can accurately
capture the pad and package parasitic as well as component
non idealities.

In this paper, a generalised form of a concurrent dual-
band matching scheme has been proposed for a packaged
LNA. The proposed input matching scheme can be
considered as a modified form of an L-section match, in
which, the effective input impedance of the packaged
amplifier, including the network becomes a (50 +j0)
simultaneously at two different frequencies. It has been
observed that if the component values of the network are
generated using conventional L-match technique, the
concurrent matching condition severely deviates in
presence of finite component quality factor (Q). To
circumvent this problem, the component values are derived
based on a modified set of equations, which includes
passive losses. In order to validate the concept of this
concurrent matching scheme, a dual-band LNA working
in 900 MHz and 1.7 GHz bands has been designed in a
0.18 pm CMOS process.

The paper is organised as follows. Section 2 introduces the
proposed concurrent matching network for the dual-band
LNA. It also highlights the detrimental effects of component
losses in the matching performance. Section 3 presents
modified design equations of single-band matching networks
on incorporation of component Q factors. Using these
equations, the concurrent matching network is re-
synthesised. Robustness of the concurrent network has also
been demonstrated in this section. Section 4 demonstrates
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the above technique with the design of the dual-band LNA at
900 MHz and 1.8 GHz. This paper is concluded in Section 5.

2 Concurrent dual-band matching

2.1 Concurrent dual-band matching in
presence of package parasitics

The well-known concurrent dual-band input matching
network topology is shown in Fig. 1 [6].

The combination of the parallel LC tank (L1,Cy) and series
LC network (Z,,C5) produces an imaginary impedance profile
which is zero at the two desired frequencies ( /1., fi1) as shown
in Fig. 2 (as example) and the source degenerate inductor (L)
gives a frequency independent real part, that helps to match
the LNA simultaneously at the two frequencies.

MATLAB® simulation results show that the value of gate
inductor (L) required is very large for input matching at
low-frequency (GSM/ISM) bands. Further, analysis shows
that the inductors in the above network should have high-
quality factor (>10). These high O-factors as well as high
inductor values are difficult to achieve in digital CMOS
processes. Hence, the matching network is generally
implemented off-chip or on a different low-loss substrate.

In mass-scale production for consumer applications, ICs are
always designed in a packaged form with ESD protections
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Figure 1 Dual-band matching network ([6])
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Figure 2 Plot of imaginary part of the above network
(L;y=3.7nH, C;=3.8pFand L, =5.9nH, C, = 1.75 pF)
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inside. At RF frequencies these packages and ESD parasitics
can have a significant effect on the circuit performance and
they must be carefully taken into account during design. On
inclusion of these parasitics, the impedance level at the LNA
input differs considerably from 50 ) and, the real part of the
input impedance does not remain frequency independent.
Hence, it is not possible to achieve a satisfactory concurrent
input match without employing any external impedance
transforming network. Thus, the above discussed input
matching topology (Fig. 1) is not applicable in practice.

2.2 Proposed generalised concurrent
dual-band input matching

For a packaged single-band LNA, off-chip L, 7 and T
matching networks provide good matching performance
over the bandwidth with minimum number of components
[10]. In this paper, an attempt has been made to design a
similar form of network for a dual-band LNA, in which a
single circuit provides matching at both the frequency bands.

In this context, Fig. 3 depicts the generalised flow diagram
for the concurrent matching network synthesis technique. In
the design flow, the component values for L network are
individually calculated at the predefined centre frequencies
from the extracted input impedance values of the amplifier.

As an example, Table 1 depicts the component values for
matching for standard L-matching networks at two different

Determine the LNA Input Imp at 2 predefined |/2 [ nput
frequencies ‘ fra‘;n ence
Comy the Matchil k values | /2. { € ‘

for the 2 freq fes (individually) NS values

1

Select norwoi'lf mpologylfor LC-tank, LC-series or
each i
element

Calculation of network values by
cost function minimization

Figure 3 Flowchart for dual-band concurrent matching

Table 1 Matching network values for ‘L’ network

Frequency Zin (Q) C (pF) | L (nH)
900 MHz 21.31 —j203.89 | 4.11 | 40.27
1.8 GHz 27.83 —j74.49 1.58 8.77
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center frequencies (at 900 MHz, 1.8 GHz). Components of
L-matching network are derived based on Wetherell’s
method [11].

The most important step of the above flow diagram is the
selection of network topology to replace the elements in the
L-matching network. It is clear from the Table 1 that the
required values of the capacitors for L network decrease
with frequency.

First an attempt was made to synthesise such a frequency
response through a series L—C or a parallel L-C network.
However the series and parallel L—C networks have
equivalent capacitances which increase with frequency.
Hence a single series L—C or a parallel L-C section
cannot be used to represent the equivalent capacitance in
the concurrent matching network. Similarly, the realisation
of the equivalent inductance is also not feasible, with series
or parallel LC networks.

Next, an attempt was made with a series combination of a
capacitor or an inductor with a parallel LC tank as shown in
Figs. 4a and 44. Since a parallel LC section behaves as an
inductor before resonance and capacitor after resonance; the
effective capacitive reactance of the network in Fig. 4a
reduces before resonance and enhances after the resonance,
so this combined network of Fig. 4a can provide a high
capacitance at lower frequency and low capacitance at
higher frequency. Similarly the combined network of
Fig. 44 can provide a high inductance at lower frequency
and low inductance at higher frequency. Thus Figs. 44 and
45 are suitable choices for concurrent matching. For design
flexibility the best topology choice is a parallel LC tank, in

series with, another LC series network as shown in Fig. 4c.

The network topology for the concurrent L match is
depicted in Fig. 5. Now the design equations, including the
network and the LNA input impedance, become higher
order functions of frequency; hence analytical solutions of
the component values of the L network are difficult to
obtain. Here the component values have been found out on
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Figure 4 Network topologies for the matching elements
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Figure 5 Concurrent dual band L-match network

the basis of minimisation of the following cost functions

= |G, = Coton| + [ Ciar = Con 1)
fé = )LW’I o Le(llwl + ‘Llwz o Le‘llwz )

Here, Ceqjw1 and Ceq) o2 are the equivalent capacitances of the
network marked as ‘C’ in Fig. 5, and Legjo1 and Legje are
similarly the equivalent inductances of the network marked
as ‘L’ at two concurrent frequencies w; and w,. Table 2
presents the values of the network components of the
L-matching network.

The simulated ;5 response of the concurrent L network at
900 MHz and 1.8 GHz is shown in Fig. 6, assuming ideal
passive inductors and capacitors.

Table 2 Component values for concurrent ‘L’ network
(900 MHz—-1.8 GHz)

Name of component | L C
Ly (nH) 11.0|5.7
C: (pF) 23313
L (nH) 46|52
G (pF) 57|32

8, | (dB)
n

_3? I 1 1 I ' L I L L
)6 0.8 | 1.2 1.4 16 1.8 2 212 24 2¢

9
Frequency (Hz) x 10

Figure 6 S;; plot ‘L’ match (ideal passives)
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Most analytical descriptions of matching networks assume
zero loss. However, the off-chip passive SMD components
always have a series resistive loss associated with them, which
can be expressed in terms of quality factors (Qr, and Qc) of
the components. On inclusion of these losses, the simulated
§11 performance of the above L section severely degrades in
comparison to that with ideal passives, as shown in Fig. 7.

To circumvent this detrimental effect of finite component
Q, the component parameters of the L network have been
recomputed incorporating the effect of finite Q at the
individual frequency bands. This method is presented in
the next section.

3 Parasitic aware and robust
input matching

Two basic L-matching network topologies are shown Fig. 8.
Figs. 8a and 84 are low-pass and high-pass single-section
matching networks, respectively. As discussed in the
previous section, the dominant source of losses in off-chip
passives at relatively lower frequencies is the series
resistance associated with the lumped component. The
design of the matching networks of Fig. 8 (neglecting Ry,
Rc) is well defined in literature [10].
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The losses associated with the inductor and capacitor can
be expressed in terms of series resistances Ry, and Rc,
which depend on Qr, and Qc, respectively (Fig. 8)

_ X
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_ Xp

R - Qc

Rc 3)

Incorporating these losses, the modified design equation for
the L-matching network are given below in terms of
inductor Qr, and capacitor Q¢

1 1 1
R, ~ Ry + (Xe1/Q0) T 1% T UX1/Q0) — 1]

(4)

Equating the real and imaginary parts of the above equation,
the expressions for the series and parallel reactances | Xs| and

| Xp| can be derived

e N S Caes R
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Q&

Based on the above design equations, plots of the reflection
coefficient §1; for a complex-to-real transformation

(20 —j100 2 to 50 —j0 ) at 900 MHz are shown in

Fig. 9 as an example.

In both Figs. 92 and 94, the matching performance
obtained by the technique is comparable to that obtained
with ideal components. Using this design strategy, the
component values of the individual L-match sections at the
two center frequencies have been recalculated and the
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Frequency (Hz)
! concurrent matching network has been synthesised
Figure 7 S,; plot of concurrent ‘L’ match (Q, = 50, Q. = 100) accordingly.
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Figure 8 ‘L’ matching network topologies
a Low-pass ‘L’ matching network
b High-pass ‘I’ matching network (including component non-idealities)
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Figure 9 S;; profiles for

a Q =50, Qc = 100
b Q. =5,Qc=30

The readjusted values for L-section match are listed in

Table 3.

Using these modified component values and using the
synthesis technique in Section 2, the network component
values have been re-calculated. These values are tabulated
in Table 4.
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Figure 10 S;; plot ‘I’ match at

a 900 MHz and 1.8 GHz
b 900 MHz and 2.4 GHz

SI at 900MHz (dB)
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Number of Iterations
a

Figure 11 Scatter diagram for S;; at

a 900 MHz
b 1.8 GHz with component Q variation

Table 3 Matching values for L-section network

Frequency C (pF) L (nH)
Ideal Finite Ideal Finite
QC = 1001 QC = 1001
Q =50 Q =50
900 MHz 4.1 3.4 40.3 40.5
1.8 GHz 1.6 1.5 8.7 8.8

Table 4 Component values for concurrent ‘L’ network
(900 MHz—1.8 GHz)

Name of component | L C
Ly (nH) 19.0| -
C; (pF) 98 2.0
L, (nH) 11.0| 24
G (pF) 1.5] 8.1
0
.5t
~ -10f
:f:: 15
=20F
25 I s 2 25 3
Frequency (Hz) <10
b

S” at 1.8GHz (dB)

0 200 400 GO0 200 1000
Number of lterations
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Figure 12 Minimum S,; obtained with component value variation
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Figure 13 Scatter diagram for S;; at
a 900 MHz
b 1.8 GHz with component Q variation

The simulated §1; response of the concurrent dual-band L-section match was found to be stable even in the
L-match network at 900 MHz-1.8 GHz is shown in presence of component tolerances of 10% around the

Fig. 10a. The same procedure was also validated for central value. The $;; at 900 MHz and at 1.8 GHz were
900 MHz -2.4 GHz, the corresponding simulated Si; found not to exceed —10 dB throughout 1000 iterations
response being shown in Fig. 104. The concurrent (Fig. 11).

matching technique thus provides <—20dB §;; at both

frequencies even in the presence of component non-idealities.

Owing to process variations, the robustness of the L
. . Ly
matching network needs to be verified. The concurrent |°—-
Cy
1200 T T T 70 T T T L« LNA
QOutput
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Figure 14 Typical quality factor plots from S-parameter Figure 15 Packaged concurrent dual-band LNA with
data of SMD capacitor and inductor proposed off-chip matching network
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Figure 16 Simulated gain response of the amplifier
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Figure 17 Simulated S;; response of the amplifier

The values of the centre frequencies (minimum Siq)
remained within 5% of their original values (Fig. 12).

The concurrent L-match network provides satisfactory
performance (S1; < —20 dB) at both the centre frequencies
(900 MHz and 1.8 GHz) even when O-factor tolerances
are considered. Fig. 13 shows the minimum §;; obtained
for 1000 iterations assuming normal variation of quality
factor (40 < Qp <60, 90 < Qc < 110). The

frequencies (i.e. frequencies for minimum §;;) were found

centre

to remain insensitive to component Q variation. Thus the

Table 5 Performance comparison

b
=

Noise Figure (Hz)
[
.}

107
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Frequency (Hz) 10"

Figure 18 Simulated noise figure of the designed LNA

concurrent network is robust in the presence of component
value as well as quality factor tolerances.

4  Concurrent dual-band packaged
LNA for GSM900 and DCS1800

Using the above proposed dual-band matching technique,
a concurrent LNA functioning at 900 MHz and 1.8 GHz
simultaneously, has been designed using a standard
0.18 pm CMOS technology. The off-chip passive
components were simulated by using S-parameter
files obtained from passive-component vendors. These
§ parameters are based on measured data and hence
represent all the parasitic effects of the lumped component.
Simulated plots of inductance and capacitance as well as

their quality factors are shown in Fig. 14.

The output load network used is a conventional double-
tuned LC circuit as shown in Fig. 15.

It must be noted that due to the limited number of
component values of the passive components available, the
design of the matching network becomes especially difficult
and the computed values need to be approximated to the
nearest available value of the off-chip components[12, 13].
Hence the centre frequency in the present design shifted

Work Technology (CMOQS) fo (GHz) S11 (dB) Gain (dB) | Noise figure (dB) | Power (mW)
MTT-02 [6] 0.35 pm 2.45/5.25 - 25/— 15 14/15.5 2.3/4.5 10
[Hashemi]
Microwave journal-04 0.18 pm 2.4/57 -/= 7.61/8.58 5.66/6.8 10.8
[14] [Huang]
RFIC-05 [15] 0.18 pm 2.45/5.25 — 14.4/— 124 13.9/8.7 4.98/6.58 2.5
[Hyvonen] SiGe BiCMOS
IEEE-06 [16] 0.35 pm 0.95/2.15 —/— 28/17 2.77/3.3 37.5
[Merriam]
this work 0.18 pm 0.9/1.7 —33/—30 16.5/11.0 1.35/2.37 3.6
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from 1.8 to 1.7. This can be taken care by carefully adjusting
the PCB trace lines.

Figs. 16—18 depict the simulated gain, §;; and noise
figure, respectively. The performance summary of the LNA
as well as comparison with recently published work is given

in Table 5.

5 Conclusion

In this paper, a generalised compact methodology has been
developed for synthesis of concurrent matching networks
for dual-band, packaged LNA. The stability of the
proposed L-matching network in presence of component
tolerances and non-idealities has been demonstrated. A
GSM900 and DCS1800 LNA demonstrate the validity of
the matching technique.
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