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ABSTRACT A concurrent dual-band low-noise amplifier (LNA) targeted for W-LAN IEEE 802.11 a/b/g
standards is designed using 0.13-um CMOS process. To attain the power-constrained simultaneous noise
and input matching at 2.4 and 5.2 GHz, cascode common source inductive degeneration topology is adopted.
The LNA achieves input reflection coefficients of —16.8 and —19.4 dB, forward gains of 19.3 and 17.5 dB
at 2.4 and 5.2 GHz, respectively. Furthermore, the LNA exhibits noise figures of 3.2 and 3.3 dB
with input 1-dB compression points of —29.6 and —28.2 dBm, while third-order input intercept points
of —20.1 and —18.1 dBm at 2.4 and 5.2 GHz, respectively. The LNA dissipates 2.4 mW of power from
a 1.2-V supply.

INDEX TERMS CMOS, concurrent dual-band, low noise amplifier (LNA), low power consumption,

high gain.

I. INTRODUCTION

Growth of wireless applications require communication sys-
tems with more bandwidth and data rate. Since narrow band
systems cannot cater to these requirements, a wideband sys-
tem has been introduced to operate at a range of frequencies
between 2.4 to 5.2 GHz. However, this wideband system
introduces an out-of-band interference which degrades the
sensitivity of the system [1], [2]. To alleviate this issue,
an alternative approach is to design a narrow-band system
that can operate at two different frequencies simultaneously.
For the case of 802.11b/g and 802.11a, data rate of up to
54 Mbps can be attained for the design of a concurrent dual-
band receiver at 2.4 and 5.2 GHz, respectively.

The LNA, whose function is to amplify simultaneously
the low power signal and inhibit degradation of signal-to-
noise ratio, is typically the first block in a receiver system.
To achieve multiband operation, a switching LNA [3]-[5]
is introduced to operate one band at a time. However, this
configuration leads to lagging and to overcome this issue,
a parallel LNA [6] is designed to manage two bands of opera-
tion, simultaneously. Despite the advantage, the parallel LNA
results in larger footprint and higher power consumption.
To overcome this issue, a concurrent dual-band LNA with a
smaller footprint and lower power consumption is designed
to manage two bands of operation, simultaneously. For this
concurrent dual-band LNA requirement, dual-band input and
output matching networks are needed.

In this paper, various dual-band matching networks of the
LNA have been reviewed and analyzed. To achieve the dual-
band input and output impedance matching, a combination of
bandpass and band-stop filters is utilized. This combination
of filters may cause unbalanced amplitude of the gain, which
is detailed out in the analysis leading to a new dual-band
output matching network. The proposed solution is not only
capable of eliminating the usage of a band-stop filter but also
achieves a balanced and relatively high gain at the desired
frequencies of operation.

In addition, this research work shows detailed guidelines
on how to achieve the balanced noise figure at both operating
frequencies. The LNA is designed by combining a typical
narrow-band LNA topology with a dual-band input matching
network and a proposed dual-band output matching network
for Wireless Local Area Network/Bluetooth (WLAN/BT)
applications using RF CMOS process.

This paper is organized as follows. Section II analyzes the
conventional and the proposed dual-band output matching
network. Section III discusses the complete design of a con-
current dual-band LNA. Simulation results are then presented
in Section IV.

Il. DUAL-BAND OUTPUT MATCHING NETWORK

A. CONVENTIONAL DUAL-BAND OUTPUT

MATCHING NETWORK

Previously reported dual-band LNAs [1], [2], [7]-[14]
have been implemented using output matching network
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FIGURE 1. Conventional output matching network.

comprising of a parallel combination of bandpass and band-
stop filters. The matching network is illustrated in Fig.1,
where L; and C; forms the bandpass filter while L, and C»
forms the band-stop filter. With the filters shunted to ac
ground, the signal is coupled to the output by capacitance C;.
The bandpass and the band-stop filters create a pass band and
a stop band at the resonant frequency wjy, respectively, giving
rise to two passbands as depicted in Fig.1. The operating
frequencies of these passbands occur at the two intersecting
points p1 and p; of these two filters.

The output impedance of network shown in Fig. 1 can be
expressed as

1 1
Zowt = | joL1 || —— jowl —, 1
out (Jw 1”ij1> I <]w 2+ ijz) (1

which is further simplified to yield

joLi(1 — 0Ly C))
1 —w?2(LyCr +LiCy + L1C) + 0* L, CoL Cy
(2)

Zout =

From (2), the characteristic equation is given by
0 L CLiC) — 0 (Lo + LiCi + LiC) +1=0.  (3)

(3) is the fourth order polynomial which can be solved by
taking the sum of roots and the product of the roots [9].
Hence, the sum of the roots S and the product of roots P are
given by

S=w’+am?=-2 )
X
P=owlw?="> ©)
X
where
X = L2C2L1 C1 (6)
y=—UL2Co+L1C1 + L1 () @)
z=1. ()

By substituting (6) and (7) into (4) yields

1 1 1
S = + +
LiC, LGy LG

©))
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and substituting (6) and (8) into (5) results in
1
P=—¢+—.
L,Cr L Cy
In addition, the resonant frequency of the band-stop filter
gives

(10)

o — o+ 1 (11
T2 T VLG

where wg occurs as the average of the two operating radian
frequencies w1 and w;. Assuming either value of L, or C; is
known, (11) can be solved. Then (10) can be arranged as

1
LyCoP’

Therefore, substituting (12) into (9) yields the capacitance
C|. With known Cy, L can be calculated from (12).

As illustrated in Fig.1, one critical drawback of applying
the conventional output matching network is the signif-
icant drop in the gain of the LNA at the operating
frequencies. Furthermore, if the resonant frequency o) is
slightly lower or higher than w;, the LNA produces an uneven
gain. For w] > wj, the LNA produces a lower gain at higher
frequency. In contrast, the LNA exhibits a lower gain at lower
frequency if @, < ws. This behavior is illustrated in Fig. 2.
In order to overcome these limitations, a new dual-band
output matching network is proposed in the following section.

LiC = (12)

FIGURE 2. Band-stop filter behavior.

B. PROPOSED DUAL-BAND OUTPUT

MATCHING NETWORK

To achieve balanced and high gain at both operating frequen-

cies, a new dual-band output matching network comprising

two bandpass filters connected in series is proposed as shown

in Fig. 3. The two bandpass filters (L, C1) and (L, C3)

resonate at 2.4 and 5.2 GHz, respectively. To an advantage,

this approach further eliminates the use of a band-stop filter.
The output impedance of the proposed matching network

shown in Fig. 3 can be expressed as

1 1
Zow = | joL1||—— jwlsy || —— 13
out <]w 1”](1)C1> + (Jw 2”](1)C2> (13)

and with further simplification, (13) results in

;o _delit L — 0L LrCy — w*L C1Ly)
M WAL C LGy — (L1 Cy + L0Co) + 1

(14)
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FIGURE 4. Schematic of the proposed concurrent dual-band LNA.

From (14), the characteristic equation is given by
W*LICLrCy — 0 (L1 C) 4+ LCo) + 1 =0 (15)

and by solving (15), yields

1
= 16
w1 TC (16)
1
w) = ———. a7
Lr,Cy

The component values for (L1, C1) and (Lp, C») are then
obtained from (16) and (17), respectively.

Ill. CONCURRENT DUAL-BAND LNA DESIGN

The schematic of the proposed concurrent dual-band LNA is
designed using a cascode common source amplifier topology
with inductive degeneration as shown in Fig. 4. M| and M>
are used as common source and common gate amplifiers,
respectively, which are connected in a cascode configuration.
To further improve the isolation between the input and the
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output, M3 and My (i.e buffer stage) are used as a source
follower and a current source, respectively. The common
source (CS) transistor M; with inductive degeneration is
used by Shaeffer and Lee [15] to achieve power constrained
noise optimization LNA. Further improvement has been pro-
posed in the PCSNIM technique by adding the external
capacitance C,, between the gate and the source of Mj.
The use of C,y is introduced by Andreani and Sjoland [16]
to minimize the noise figure at low power consumption.
It was then theoretically investigated by Nguyen et al. [17]
in the PCSNIM technique. To achieve the dual-band input
impedance matching, a parallel network, comprising induc-
tance L3 and capacitance C3 are in series with the narrow band
LNA input matching network, comprising source inductance
L, gate inductance L, and gate to source external capac-
itance Cy [1], [2]. In addition, coupling capacitances C,j,
Ce, and Cg3 are at the input and at the output of the cascode
stage and the output of the buffer stage, respectively.

In this work, a proposed dual-band output matching net-
work differs from the conventional dual-band output match-
ing network as it utilizes a parallel combination of a bandpass
filter and a band-stop filter while the proposed network has
two bandpass filters connected in series to achieve the dual-
band output impedance matching simultaneously.

Matching Circuit

FIGURE 5. Schematic of inductively source degenerated CS LNA with a
dual-band input matching network.

A. INPUT STAGE NOISE OPTIMIZATION

According to Friis law, the noise performance of the overall
receiver system is dominated by the input stage of the LNA.
The noise analysis is shown in Fig. 5. Furthermore the sim-
plified small-signal equivalent model is extracted in Fig. 6.
As the input stage contains a CS amplifier, the detailed noise
analysis is reviewed in Appendix A. From Fig. 6, the optimum
source impedance can be modified from Zgp (A14) as

2
3 2 e )
o &0 = le) +j (& —alel &

Zopt = 5 P
§ C )
ngs{%—ya —leP)+ (& —alel /) }
) JoL3
—joly — ———— 18
JwLy 1— (1)2L3C3 } ( )
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FIGURE 6. Small-signal equivalent circuit for noise calculations of Fig. 5.

where
C = Cgs + Cex (19)
L =L+ L. (20)
From (18), the real and the imaginary parts can be separated
as follows:
o,/ (1 —c?)
Re[Zopt] =

2 2
wcgs{gu —lel®) + (Cc—g —alel,/& }
(2D

K. wl3
Im[Zopt] = — —th + a)L, + m (22)

where
2
& (& -er3)
K. = - 5 (23)
L1 — o) + (& —alel &)
It is assumed that the value of K, is approximately close

to 1 for a CMOS process [17]-[19]. From Fig. 5, the input
impedance of the LNA is derived in Appendix B, given as

_ 8mLs

. 1 wl3
Zin = +jl—— + oL +

Cl a)C; 1 - a)2L3 C3

It can be seen in (24) that the source inductive degeneration

forms the real part in the input impedance which in turn

helps to reduce the discrepancy between the real parts of the

optimum noise impedance and the input impedance of dual-

band LNA. The condition that allows the simultaneous noise
and input matching is given by [17], [20]-[22] as

boo(24)

Zin = Zop'ﬁ< . (25)

From (21)-(24), (25) can be satisfied when the following
conditions are met [21]:

Re[Ziz] = Re[Z] (26)
Re[Zopt] = Im[Z] 27)
Im[Zi,] = —Im[Z] (28)
Im[Zopi] = Im[Z]. (29)
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Assuming K. is close to 1, the imaginary part of Zy, and
the imaginary part of Z;, are almost equal with the opposite
sign, hence (28) and (29) are satisfied. From (26) and (27),
the real part of Z;, and Zp; should match to source impedance
(Zs = 50 Q + jO ) for the simultaneous noise and input
matching of dual-band LNA. However, it is clear from (21)
that the noise matching cannot be achieved at both operating
frequencies simultaneously because the real part of Zgp is
distributed between two different frequencies [18]. Hence,
to obtain a balanced noise performance at both operating
frequencies, (21) is rewritten as

/(1 = c?)

Re[Zopt] = ) )
wavcgs{ga —leP)+ (& —alel /& }
(30)
where
w1 + o
Wy = % (31)

The optimum noise performance, in this case, has been
obtained at both frequencies concurrently, validating the
approach of dual-band input noise optimization.

B. INPUT STAGE DESIGN METHODOLOGY
The qualitative description of the input stage for the dual-
band LNA, using power-constrained simultaneous noise and
input matching with balanced noise performance, would
be as follows: First, choose the optimum transistor width
W, opt,Pp based on the power-constrained noise optimiza-
tion given by [15]

W 3 32

My.opt.Pp = 26l)avLCostQL,opt,PD 32)

where L is the effective channel length of M, C, is the
oxide capacitance, Ry is the source impedance and Q. opr Py,
is the input circuit optimum quality factor. Subsequently,
to determine the DC bias V5 is calculated to give fixed power
dissipation. Now, L and C,, can be obtained by satisfying

L
Re[Zi,] = g’é 5 =500 (33)

t

with known L, and C,, L; can be determined from the
following expression [21]

JoL; +

= 34
e (34)

With the imaginary part of (24) is equal to zero, which is
simplified to be
JoL3
joC, 1 — 2305
0*LiCiL3C3 — 0’ (LG + L3C3 + L3C) +1 = 0. (36)

+Jjol; + 0 (35

The resulting fourth order polynomial from (36) can be solved
by taking the sum of the roots S and the product of the roots P,
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yielding
2 2 b
S=w"+w =—- (37
a
P=wlw?="S (38)
a
where
a = LtCtL3C3 (39)
b= _(Ltct + L3C3 + L3Ct) (40)
c=1. 41

From (38), L3 C3 can be obtained as
1

L3C3 = PLC, (42)
and by substituting (42) into (37) yields
Cs = __Pra (43)
SPL,C;, — P —1
Therefore, L3 can be determined from (42)
Ly = ; (44)
PL,C,C;

C. CASCODE STAGE

The cascode stage improves the stability of the amplifier by
shielding the input transistor M; from the voltage variations
at the output. The width W, of M, determines the operating
conditions with a minimal change in the width W of M, at a
fixed current [24]. It was found that the generated noise power
from the cascode stage increases as the width of cascode stage
increases. Hence, to reduce the noise contribution from M>,
the width of M5, is minimized. Furthermore, the smaller W,
also reduces the capacitance at the intermediate node between
M and M,. Despite the two disadvantages, due to the Miller
effect, smaller W results in a noise mismatch and larger value
of R,. Thus, W, should be kept equal to Wy [23], [24].

D. BUFFER STAGE

The last stage in the design of the dual-band LNA is the
output buffer. This buffer is incorporated into the overall LNA
design in order to match the output impedance to a network
analyzer for measurement purpose. The source follower M3
as shown in Fig. 4, translates the high impedance path at the
gate of M3 to the low impedance path at the source of M3. This
condition can be achieved by biasing transistor M3 to yield
1/gm,=50 Q.

IV. SIMULATION RESULTS

A concurrent dual-band LNA, as shown in Fig. 4, is simulated
using 0.13-um CMOS technology at 2.4 and 5.2 GHz for
BT/WLAN applications, respectively. The core of the LNA
dissipates a total current of 2.0 mA from 1.2 V supply. Fig. 7
shows the simulated forward gain S71, input reflection coeffi-
cient S11, noise figure NF and minimum noise figure NFmin
of the LNA up to 6 GHz.
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FIGURE 7. Simulated forward gains, input return losses, NFs and NFmins
at 2.4 and 5.2 GHz.

TABLE 1. Performance summary of the LNA.

Frequency 2.4 GHz 5.2 GHz Units
Sa1 19.3 17.5 dB
S11 -16.8 -19.4 dB
NF 32 33 dB
NFmin 2.8 33 dB
Piap -29.6 -28.2 dBm
1IP3 -20.1 -18.1 dBm
Supply Voltage 1.2 v
DC Current 2.0 mA
CMOS Technology 0.13 pm

3 4
Frequency [GHz]

FIGURE 8. Output return losses with and without C., at 2.4 and 5.2 GHz.

The LNA achieves forward gains of 19.3 and 17.5 dB, input
return losses of 16.8 and 19.4 dB at 2.4 GHz and 5.2 GHz,
respectively. The simulated NFs are 3.2 dB and 3.3 dB, while
NFmins are 2.8 dB and 3.3 dB at 2.4 GHz and 5.2 GHz,
respectively. It is observed that the forward gains and the
noise figures of the LNA are almost balanced at the cor-
responding operating frequencies (2.4 and 5.2 GHz) with a
difference of only 1.8 dB for the forward gain and 0.1 dB
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TABLE 2. Comparison of the concurrent dual-band LNAs operating in same frequency bands.

Ref. Tech. Freq. S11 S21 NF 1IP3 Power Area
[um] [GHz] [dB] [dB] [dB] [dBm] [mW] [mm?2]
035 24 25.0 9.4 23 0.0
“ 1l CMOS 52 -15.0 15.5 45 5.6 10.0 0.64%
0.18 24 127 21.0 25 -
(7] CMOS 50 95 76 5.7 - 10.0
51 0.18 26 20.0 15.0 0.6 0.0 e
CMOS 52 220 9.5 0.8 7.0 :
0.18 24 - 142 44 34
] CMOS 52 ] 14.6 3.7 27 72 0.83¢
0.18 24 150 14.0 24 02
®
[12] CMOS 52 2180 220 25 63 93 0.341
0.18 24 3.0 2.9 37 20
3] CMOS 52 2105 82 3.7 -1.0 7.6 0.50%
This 0.13 24 168 193 32 201 4
Work CMOS 52 -19.4 17.5 33 -18.1 :
* Measured data; fIncluding pads; $Excluding pads
100 T I l I I 100 T T T T T
——— Poutat2.4 GHz ——— Poutat 5.2 GHz 1
——&—— Pout at 2.39 GHz — —«&—— Pout at 5.19 GHz
T 50 g oso oo A S
& =
= =
- [
S 0 ) 0
2 2
) [=)
m m
- -50 o -50
2 &
‘5 =
©-100 ©-100
-150 i i i i | -150 | I i 1 1

-60 -50 -40 -30 -20_ -10 0
Input Power [dBm]

FIGURE 9. Simulated output power with respect to the input power
at 2.4 GHz.

for the noise figure. On the other hand, the minimum noise
figures occur at 2.2 and 4.9 GHz, denoted by w1, and woy,
respectively. The simplified relationship between w;, w, and
W1y, W2, 18 given by [19] as

2

(U)ln> — K,

w1

W3p 2
( ) — K.

w2
For simultaneous noise and input matching to be fulfilled, K,
expression in (45) and (46) should be close to 1. From (45), K.
is equal to 0.84 and from (46), K. is equal to 0.88. The fact that
K. approximates to 1 signifies the close proximity between
the operating frequencies of the concurrent dual-band LNA
and the frequencies where the minimum NFs occur. If (45)
and (46) do not yield a value of K, close to 1, the design of
the concurrent dual-band LNA cannot fulfill the simultaneous
noise and input matching.

From Fig. 8, the output return losses without C., are
24.3 and 14.1 dB, while the output return losses with C., are

(45)

(46)
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FIGURE 10. Simulated output power with respect to the input power
at 5.2 GHz.

23.5 and 27.8 dB at 2.4 and 5.2 GHz, respectively. Power
performances of the dual-band LNA are shown in Fig. 9
and Fig. 10 at 2.4 GHz and 5.2 GHz, respectively. An input
1-dB compression point P14 and an input third-order inter-
cept point IIP3 are —29.6 and —20.1 dBm at 2.4 GHz as
observed in Fig. 9. In the other hand, Pi4p and IIP3 are
—28.2 and —18.1 dBm at 5.2 GHz, as shown in Fig. 10.

Table 1 summarizes the simulated performance of the
concurrent dual-band LNA as depicted in Fig. 4. Table 2
compares the performance of this concurrent dual-band with
previously published concurrent dual-band LNAs working in
S and C-bands. The forward gains, noise figures and power
dissipation are comparable with previously published concur-
rent dual-band LNAs.

V. CONCLUSION

A concurrent dual-band LNA with a modified output match-
ing network is presented in this paper along with a com-
prehensive analysis to study the noise performance at its
input. The effectiveness of the design has been demonstrated
through simulated high forward gain and balanced noise
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figure performance at the operating frequencies. The pro-
posed concurrent dual-band LNA can be expanded at other
frequencies for multi-band RF systems.

APPENDIX A

NOISE PARAMETERS OF CS AMPLIFIER

The noise of the LNA is a measure of noise factor F, which
is the ratio of the total output noise power to the noise power
at the source, is given by [23]

N, total

NSOMVCE

F =

(AD)

The noise performance of an LNA is directly related to an
input matching. The transistor M| is used at the input of the
LNA as depicted in Fig. 4.

G
[

o"

i e @, O

(o) ~ S *J
4

FIGURE 11. Small-signal model of CS amplifier with drain thermal noise
current and gate induced noise current.

To analyze the noise of a two port network, an equivalent
circuit can be modeled as shown in Fig. 11. vg; and Cyy are
the voltage and the capacitance between the gate and source
of My, respectively, whereas g, is transconductance. From
the figure, the mean squared drain noise current is given
by [23]-[25]

i2, = 4kTy gao Af (A2)
and a mean squared gate noise current [26] is
2, = 4kT g, Af (A3)

where k is Boltzmann constant, 7 is the absolute tempera-
ture and Af is the bandwidth. The parameters y and § are
constants associated with a drain and a gate noise current,
respectively. Here, gg4, is the drain-source conductance when
the drain-source voltage Vpg is equal to zero and shunt con-
ductance g is given by

22
w Cgs

. (A4)
5 8do

8g =
The gate induced noise current is partially correlated to the

drain thermal noise current with a correlation coefficient ¢
given by [15], [27], [28]

c= nd_ A 0395 (AS)
/2 12
lnglnd
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FIGURE 12. Representation of a gate induced noise current as
combination of a correlated and uncorrelated gate induced noise
currents.

As shown in Fig. 12, the gate induced noise current can
be represented by a combination between correlated and
uncorrelated gate noise currents given by

2, = 4kT8gg Af Ic|? + 4kTSge Af (1 —|cl>)  (A6)

ng
where
2,0 = 4kT5g, Af |c|? (A8)
2, = KT 8gg Af (1 — ). (A9)

— (A — (A — (4 =V,
> )ijgc() z D T -

(o, _S _ ]
4

FIGURE 13. Replacement of drain thermal noise current with input noise
voltage and input noise current.

As shown in Fig. 13, the drain noise current is referred
to the input by two noise sources, namely the mean squared
noise voltage vﬁ 4 and the mean squared noise current iﬁ 4i- The
ratio between the two is equal to the admittance at the input
given by [25]

2
1< .
';d’ = (joCys)*. (A10)
Vdi
In general, the noise factor can be expressed as follows [29]
2
R, |Ys—7
F =me+—"| s~ Yon| (All)
G;

where Y and Y, are the source admittance and the optimum
source admittance while Fj,;,, R, and Gy are the minimum
noise factor, the noise resistance and the source conductance,
respectively. Notethat, F,;, can be achieved at the optimum
source admittance condition, i.e. Y5 = Y. After some elab-
orative algebraic derivations [25], the noise parameters of the
CS amplifier can be expressed as

-
_ Vnai v 1

= = (A12)
4kTAf o gm

n
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1
Yopt = 5 = Gopt +jBopt (A13)
Zopt
2
} o /S0~ [e) +) (1 —ale| /%) Al
opt — )
wcgs{%(l —le?) + (1 — alc] /%) }
2
Foin = 14 — -2 ys(1 = |c]) (A15)
V5 or

where wr = 27fr = gn/Cys and fr is the transistor’s cutoff
frequency. Note that, the effects of M» on the noise and
frequency response are neglected, as well as the parasitic
resistances at the gate, the body, the source and the drain
terminal, and gate-drain capacitance of M.

JoL,
Ja)Lg 10ut
| +
1A L]
joC, : 1 == 1 Vs GD
]a)Cex jCl)CgS gmvgs
chi Loop x
o
=

FIGURE 14. Small-signal model for the input impedance of
dual-band LNA.

APPENDIX B

DERIVATION OF THE INPUT IMPEDANCE

FOR A CONCURRENT DUAL-BAND LNA

The small-signal model for the input impedance of the dual-
band LNA as shown in Fig. 14. The input impedance can be
determine by taking the ratio of test voltage Vi to the test
current /. Writing KVL equation across loop x yields

. 1 .
Vx = {Ix (]a)L3||J(1)_Cg> +Ix.]a)Lg

) +Ux + gmvgs)-ijs} (B1)

1
+I ( Il-
) JoCgs joCox
where

1

=L —. B2)
* ]a)(cgs + Cex) (

Vgs

By substituting (B2) into (B1) gives

Ve = |1 IO oL, + L)
= I (. w )
x x j2w2L3C3 +1 JO e ’

! + jols }} (B3)
J(Cas + Car) 2" j(Cos + Cor) | |

Arranging and simplifying (B3), results in input
impedance Zj, in terms of the real and the imaginary part
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given by
VX gmLs . 1 CUL3
Zin = — = - —=+oli+————1.
n=n T ¢ 7 { oG T T 2,0,
——
Real Part Imaginary Part
(B4)
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