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Abstract—A new input matching method making use of
shunt-shunt feedback capacitance is introduced. Based on the
new input matching method, reconfigurable SiGe low-noise am-
plifiers (LNAs) by varying shunt-shunt feedback capacitance
are proposed. Two approaches are used to vary the shunt-shunt
feedback capacitance. One approach is to switch between two
different bias currents while the other is to use a series combina-
tion of a switch and a capacitor. Miniaturized fully monolithic
reconfigurable SiGe LNAs without emitter degenerative inductors
were realized by the above two approaches. The reconfigurable
SiGe LNA achieved by switching bias currents only occupies a
very small area of 355 um X 155 pm, excluding measurement
pads. This LNA achieves an input return losses (S11) of —27.6 dB,
a voltage gain (A,) of 19.8 dB, and a noise figure (NF) of 3.18 dB
for 2.4-GHz band when biased at a current of 3.8 mA and can be
reconfigured to obtain A, = 20.4/20.3 dB, S;; =-47.1/-24.6dB
and NF = 3.42/3.21 dB for 5.2/5.7-GHz band when bias
current is switched to 3 mA. In addition, a 2.4/4.9/5.2/5.7-GHz
reconfigurable SiGe LNAs for WLAN applications, whose variable
shunt-shunt feedback capacitance is controlled by a switch and a
capacitor, was also realized.

Index Terms—BiCMOS, CMOS, low-noise amplifier (LNA),
multiband, reconfigurable, SiGe.

I. INTRODUCTION

IRELESS communication has evolved into a world of

multistandards/multiservices with operating frequencies
of 900-MHz/1.8-GHz/1.9-GHz bands for GSM, 1.5-GHz band
for GPS and 2.4/5.2/5.7-GHz bands for WLAN. Therefore, it is
desirable to combine two or more standards in one mobile unit
[1], [2]. The primary challenge in designing multiband trans-
ceivers is increasing the functionality of such communication
systems while minimizing the number of additional hardware
like low-noise amplifiers (LNAs). Typical design strategies
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Fig. 1. Pseudo-3 band concurrent CMOS LNA reported in [6].

have used different LNAs for different frequency bands [2]-[4].
However, this way inevitably increases cost, power dissipa-
tion and form-factor. Recently, concurrent dual-band LNAs
with excellent performances have been devised, but off-chip
capacitors and inductors are required [5]. Besides, a concept
of pseudo-3 band concurrent LNA has been proposed [6]. The
main drawback of it is that too many inductors are required,
which consumes a large chip size (see Fig. 1). In this paper,
a new input matching method for LNAs by making use of
shunt-shunt feedback capacitance instead of conventional
series-series feedback inductor is introduced [7]. This new
input matching method is very suitable for reconfigurable
LNAs since the capacitance can be varied very easily. Two
approaches are used to realize the reconfigurable LNAs. One
approach is to change the shunt—shunt feedback capacitance by
switching between different bias currents while the other uses
a series combination of a switch and a capacitor.

In Section II, the principle of the proposed input matching
method is introduced. The concept of dual-feedback circuit
methodology is applied to simplify the circuit analysis and then
the input impedance Zix can be derived [8]. In Section III, we
present the design of a reconfigurable SiGe LNA with variable
shunt—shunt feedback capacitance achieved by switching bias
current, and another reconfigurable SiGe LNA with variable
shunt—shunt feedback capacitance controlled by a switch and
a capacitor. In Section IV, we demonstrate the measurement
results and provide some discussions of the two implemented
LNAs. Section V are the conclusions.

II. PRINCIPLE OF INPUT MATCHING BY SHUNT—SHUNT
FEEDBACK CAPACITANCE

Traditionally, an emitter degenerative inductor is used to gen-
erate the 50 (2 for input matching [9]. However, the use of in-
ductor inevitably increases the die area. We have developed

1057-7122/$20.00 © 2006 IEEE
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Fig. 2. Principle of input matching of reconfigurable LNAs using variable
shunt—shunt feedback capacitance. (a) Common-emitter amplifier with an input
inductor L 5 and a parallel R;, — C', load. (b)—(d) Detailed steps to simplify
the equivalent circuit shown in Fig. 2(a) to find the input impedance Zx.

a new method for input matching, which is explained as fol-
lows. Consider a common-emitter amplifier with an input in-
ductor Lp and a parallel Ry, — Cp, load, as shown in Fig. 2(a).
The parallel R, — C, load can be viewed as provided by the
parallel combination of the resistive load of the first stage and
the input impedance of the following stage of the circuit [see
Figs. 3(a) and 4(a)]. By extending the previous work [8], it can
be shown that the input impedance Zix looking into the input
port is equivalent to a series Lp — Cin — Rin network [see
Fig. 2(d)] at some frequency range. The details of the calcu-
lation of input impedance Zin are as follows. The circuit of
Fig. 2(a) can be transformed into that of Fig. 2(b) with some nec-
essary circuit element modifications [8], which are also shown
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Fig. 3. (a) Schematic and (b) die photograph of the miniaturized fully mono-
lithic reconfigurable SiGe LNA with variable shunt—shunt feedback capacitance
achieved by switching bias currents.

in Fig. 2(b). From Fig. 2(b), the impedance Zin; can be ex-

pressed as follows:
1 /|1
i+ (0t |27

v (R 27

14+ SRé (Cé + CBCl)
= ()
(1 + g;;llRé) sCpe1 + 820£0301R£

ZIN1 =

where g1y = (911 - Rppi)/(Rpp + Rer + sCpp
R,BE]_REI)’ R;SEI = RBEl(l + gmlREl)’ C}3E1 = C(BEl/
(1 + gnm1RE1)s G911 = Gmi/(1 + gmiBRE1), R, =
Ro1(1 4+ gmiRE1), C; = CLRL/(RL + Rc1), and R} =
(RL + Rca)||RL; . As shown in Fig. 2(c), Zin1 can be simpli-
fied as a series RC circuit as follows:

1+ 5B, (O] + Cpen )
(1 + g,/ané) sCpgc1 + 82020301R£

X

ZN1

2

N Ré g'r/ané . C/é
~ 2

1+g/.,R], (1 n 97/n1R£) CUpct

1
80301 (1 + gﬁﬂRé)
1

=Ry + 2
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Fig. 4. (a) Schematic, and (b) die photograph of the miniaturized fully
monolithic reconfigurable SiGe LNA with variable shunt—shunt feedback
capacitance.

In (2), we assume that (1+g/,,; R.) > wo-R2Cr(CL+Crc1)
and Rz 1 > (RE1 + sC'g g1 Rig gy RE1), which is usually the
case. Finally, the input impedance Zix can be expressed as a
series Lp — C1x — Ry circuit as follows [see Fig. 2(d)]:

1
Jw (C{E,E1 + CM)

2
C \Vi )

2
( Clhm )
C’J/BEl—l-CM

+ Rin. (3)

ZiIN~Jwlp +

+ R31+RM'<

R/BEI
+ N
1+ w?Cpp Ry

=JwlLp +

J(UCIN

Rin can be adjusted to be nearly 50 {2 by appropriate values
of Ry, Cp, transconductance g,,1, and base-collector capaci-
tance C'gc1, etc.. Cy is the sum of equivalent base-emitter ca-
pacitance C’; ;; and Miller capacitance C;. The resonant fre-
quency is dominated by Ctx and the input inductor L. Cix can
be varied by the following two approaches to adjust the resonant
frequency.

The first approach to vary Cy is switching between different
base bias currents Ig; (or collector bias currents I-~1) [see
Fig. 3(a)]. Cx is the sum of C';; and C)y, both of which are
functions of Iy (or I¢1). Hence, Cry varies as Igy (or Icq)
changes. The resonant frequency determined by Cix and Lp
changes accordingly and as a result, the resonant frequency for
input matching also varies. That is, one application band can
be switched to another application band by simply switching
the base current (or collector current) from one bias current to
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another bias current. Note that the change of Cy (or Cj) with
bias current can be substantial because of the beneficial Miller
multiplication effect.

The second approach to vary Chy is adding a series combina-
tion of an extra capacitor C'r and MOS switch between the base
and collector terminals of the input transistor Q1 [see Fig. 4(a)].
By turning on or off the switch, the total shunt—shunt capaci-
tance between the base and collector terminals is changed. Since
Cix is the sum of Cz 5, and Cyy, and C)jy is a function of
the total shunt—shunt capacitance between the base and col-
lector terminals, Cy varies as the total shunt—shunt capacitance
between the base and collector terminals changes. Hence, the
higher application band can be switched to a lower one de-
pending on the on-off state of the MOS switch.

III. CircuIT DESIGN

A. Reconfigurable SiGe LNA Achieved by Switching Bias
Current

The reconfigurable LNA shown in Fig. 3(a) was implemented
in a standard 0.35-pm SiGe BiCMOS heterojunction bipolar
transistor (HBT) process provided by the commercial foundry
TSMC. Basically, it consisted of two common-emitter am-
plifiers. Transistor )1 was preceded with an inductor Lp for
input impedance matching. Transistor ()2 provided additional
gain as well as output matching, if necessary, by using a local
shunt—shunt feedback resistor R3 around it. Note that resistive
loads Ry and R, instead of LC tuned loads were used to mini-
mize the die area. The circuit parameters were: Ly = 1.39 nH,
Ry = Ry = 30092, Ry = 600(2,and C; = 3 pF. Both transis-
tors 1 and (Y2 had the same emitter size of 0.3 m x 20.3 pm X 2
emitter fingers. Fig. 3(b) shows the die photograph of the recon-
figurable SiGe LNA achieved by switching bias current. The
circuit (excluding the patterns for testing) only occupied a very
small area of 355 um X 155 pm because only a very small value
(1.39 nH) inductor L g was used.

An analytical expression of the load impedance Zp(=
Rr||(1/sCpL)) seen at the collector terminal of transistor Q1
of the LNA shown in Fig. 3(a) is derived in the Appendix. The
desired values of (', and Ry, can be obtained by appropriate
values of Ry, Rs, R3, transconductance g¢,,2, and base-col-
lector capacitance C'gca, etc.. From (1)—(3), the equivalent
input capacitance Cty of the LNA in Fig. 3(a) can be expressed
as a function of Ig; (or I¢1) as follows:

Civ =~ CéEl + 01/301 (1 + g'{ané)

~C} i Cren (1 + !]mlRé)

1
=Cgg1 + Cgc1 <1 + ﬂVBl Ré)
T

1
=0Upm +CUpcn <1 + ﬂVBl Ré) : 4
T
Hence, Cty increases as Igq (or I¢1) increases. The resonant
frequency determined by Ciy and Lp decreases accordingly
and as a result, the resonant frequency for input matching also
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decreases. That is, the higher application band can be switched
to a lower one by simply switching the base current (or col-
lector current) from a lower bias current to a higher bias current.
Note the reconfigurable LNA architecture, which is achieved by
switching bias current, is not suitable for the CMOS technology.
This is because its equivalent input capacitance (or g,,) is not
strongly dependent on its bias current.

B. Reconfigurable SiGe LNA Controlled by a Switch and a
Capacitor

Fig. 4(a) shows the circuit diagram of a SiGe recon-
figurable LNA, which was basically the same as that of
Fig. 3(a) except that a series combination of a MOS switch
M1 and a capacitor Cr was added between the base and
collector terminals of the input transistor. The circuit param-
eters were: Lg = 1.39 nH, R; = 300 2, Ry, = 150 Q,

Ry = 300 Q, C; = 3 pF, Cr = 0.3 pF, emitter size
of Q1 and Q2 = 0.3 pm x 20.3 pm x 2 fingers, M1:
W/L = 30/0.35 pm/pm. Fig. 4(b) shows the die photo

of the reconfigurable SiGe LNA with variable shunt—shunt
capacitance controlled by a MOS switch and a capacitor. This
circuit was also implemented in a 0.35-um SiGe BiCMOS
HBT process. Note that the inductor Lp for resonance was
fabricated on chip for the ease of on-wafer measurements. In
practical use, the on-chip input tuning inductor Lp can be
replaced by a bonding wire and hence, inherently, the proposed
reconfigurable LNA only occupies a very small die area of
150 pm x 270 pm excluding the measurement pads.

Normally, the MOS switch is off. As will be evident from the
experimental results, this input matching technique can offer a
very wideband-matching characteristic because only a small in-
ductance inductor Lp is needed [see Fig. 4(a)]. This is because
the bandwidth of the LNA’s S11, i.e., the frequency range that
satisfies 20 log |S11| < —10 dB, is inversely proportional to the
inductance of the inductor L g [10]. From (1)—(3), the equivalent
input capacitance Cyy of the LNA in Fig. 4(a) can be expressed
as a function of C'r as follows:

Cin & Cz/nn + C1/301—EQ (1 + .‘77/an£>

Cpp1 + Cge1(1+ gmiRr)  (switch-off)
~ ¢ Cpg1+ (Cc1 + Cp) (3)
x(1+ gm1RL) (switch-on).

Hence, Cin increases as the MOS switch is turned on. The
resonant frequency determined by Ciny and Lp decreases
accordingly and as a result, the resonant frequency for input
matching also decreases. That is, the higher application band
can be switched to a lower one by simply turning on the MOS
switch. Note the reconfigurable LNA architecture, which is
controlled by a switch and a capacitor, is also suitable for the
CMOS technology. That is, though g,,, of MOSFET is smaller
than that of the bipolar junction transistor (BJT), it can be
compensated by adopting a parallel capacitor (Cr) with a
larger capacitance. In addition, equivalent input resistance Ry
can be adjusted to be nearly 50 €2 by appropriate values of Ry,
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Fig. 5. (a) Measured scattering parameter S1; at collector bias current (tran-
sistor Q1) Iy of 3 and 3.8 mA of the reconfigurable SiGe LNA achieved by
switching bias current at room temperature. The measured voltage gain (A, )
and scattering parameters Sq1 and S»» (b) at the 2.4-GHz mode, and (c) at the
5.2/5.7-GHz mode of the reconfigurable SiGe LNA achieved by switching bias
current at different temperatures.

Cr, gm1, and Cpc1. Since the g, of MOSFET is smaller than
that of BIT, from (2), (3), a smaller C}, should be adopted for
the CMOS version.
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Fig. 6. Measured NFs at the bias current of [; = 3.8 mA and Iy = 3 mA
of the reconfigurable SiGe LNA achieved by switching bias currents.

IV. MEASUREMENT RESULTS AND DISCUSSIONS

A. Reconfigurable SiGe LNA Achieved by Switching Bias
Current

The noise and scattering parameters of the reconfigurable
SiGe LNA shown in Figs. 5 and 6 were measured on wafer using
an automated NP5 measurement system from ATN Microwave
Inc. Fig. 5(a) shows the measured scattering parameter Si;
when Q1 transistor is biased with Iz, or Iy, current sources
at room temperature. The /g1, base current resulted in a value
of collector current /-1 of 3.8 mA. When the base current of
Q1 is switched from I to Ig14, Ic1 decreases from 3.8 to
3 mA. Clearly, 5.2/5.7-GHz application bands and 2.4-GHz
application band can be exchanged by simply switching the
collector current between 3.0 and 3.8 mA.

DC bias voltages and currents, and extracted ac small-signal
parameters of HBTs Q1 and Q2 of the reconfigurable SiGe LNA
when VCC = 1.5V and I¢; = 3.0 mA (i.e., corresponding
to 5.2/5.7-GHz band) are summarized in Table 1. Based on the
small-signal parameters listed in Table I and the circuit param-
eters shown in Fig. 3(a), the calculated input resistance Rix by
using (3) was equal to 49.21  at 5.2-GHz when I was bi-
ased at 3.0 mA. In addition, the measured Ry was 49.55 € at
5.2 GHz when I~ was biased at 3.0 mA. Clearly, the calculated
result of Ryx was in good agreement with the measured result.

Fig. 5(b) shows the measured voltage gain A, and scattering
parameters S1; and Sy of the LNA at various temperatures
(25, 50, and 100 °C) when biased with collector current I of
3.8 mA. Supply voltage Vo was equal to 1.5 V. Voltage gain
A, was 19.8 dB at 2.4 GHz. Since this LNA is intended for inte-
grated front-end circuits, the voltage gain ( Ay ) instead of Sy is
reported here [5]. The input return loss S1; was below —27.6 dB
from 2.4 to 2.5 GHz. S»5 showed a very broadband matching.
Note, however, for low intermediate frequency (IF) or zero-IF
applications, S22 does not have to be matched to 50 2. When
Ic1 was reduced to 3 mA by switching the base current of Q1
from Ip1p to Ip1,, Cin decreased, and hence, the frequency
band for input matching was switched to higher frequency bands
as shown in Fig. 5(c). Now S7; was below —34.2 dB from 5.1
to 5.4 GHz and below —21 dB from 5.7 to 5.9 GHz. Voltage
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TABLE 1
DC BIAS VOLTAGES AND CURRENTS, AND EXTRACTED AC SMALL-SIGNAL
PARAMETERS OF HBTS Q1 AND (22 OF THE RECONFIGURABLE SiGe LNA
(ACHIEVED BY SWITCHING BIAS CURRENTS) WHEN Vo = 1.5 V AND
Ic1 = 3.0 mA (L.E., CORRESPONDING TO 5.2/5.7-GHz BAND)

Ppc=7.5mW
Viias=0.956 V, Ve =15V
Q1 Q2
Iz(zA) 16.6 11.09
I-(mA) 3 1.97
1, () 15 15
r.(Q) 3.2 32
r, () 2 2
g, (mS) 92 60.5
Ry k) 2.5 2.5
r, (k) 4.8 4.8
Cyp. €F) 72 61.5
Cp. (fF) 285 259

gain A, was 20.4 and 19.3 dB at 5.2 and 5.7 GHz, respec-
tively. The noise performance is shown in Fig. 6. Noise fig-
ures (NFs) of 3.18, 3.42, and 3.21 dB were obtained at 2.4,
5.2, and 5.7 GHz, respectively. The power consumptions were
only 8.7 and 7.5 mW for 2.4 and 5.2/5.7-GHz bands, respec-
tively. From the experimental results, it is clear that a miniatur-
ized fully monolithic 2.4/5.2/5.7-GHz multiband LNA with low
power consumption for WLAN applications was realized by a
simple bias switching technique.

The characteristics of S-parameters at temperatures other
than room temperature are also shown in Fig. 5(b) and (c).
From Fig. 5(b), it is clear that the resonant frequency of Si;
at room temperature with /o7 = 3.8 mA shifted to lower fre-
quencies of 2.1 and 1.4 GHz at 50°C and 100 °C, respectively.
Nevertheless, even at 100 °C, S1; was still below —15.6 dB
from 2.4 to 2.5 GHz. From Fig. 5(c), the resonant frequency of
S11 at room temperature with Ic; = 3 mA shifted to a lower
frequency of 5.1 GHz both at 50°C and 100 °C. S;; was still
below —34 dB from 5.15 to 5.35 GHz and below —21 dB from
5.725 to 5.825 GHz.

Power gain of an LNA depends on both Sy; and A, [11].
According to the measurement results in Fig. 5, though the
switching (bias current) input matching point method does
not affect A, much, it makes sure the LNA exhibits good S1;
performances, i.e., good power gain performances, in all the
bands of interest.

An expression which is often used to characterize the stability
of an LNA is the Stern stability factor (/K -factor), defined as

_ L4 AP =[S f? — [Sof?
2|S21]|S12]

where A = 51159 — S12591. If K > 1 and |A| < 1, then
the circuit is unconditionally stable [12]. In addition, it has been
shown that . > 1 (or ¢/ > 1) alone is necessary and sufficient
for a circuit to be unconditionally stable [13], where

K

(6)

= 1= |SH|2
| S22 — ST A+ [S21]|S12]

(N
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Fig. 7(a) shows the measured K -factor, 11, and ' at collector
bias current (transistor Q1) I of 3 mA of the reconfigurable
SiGe LNA achieved by switching bias current at room temper-
ature. Fig. 7(b) shows the measured ' of the LNA at Icy of
3 and 3.8 mA. Clearly, for both the higher band (5.2/5.7 GHz)
and the lower band (2.4 GHz), the LNA is unconditionally stable
from 1 to 10 GHz. For both the higher band and the lower band,
the frequency corresponding to the maximum g’ is close to
the frequency corresponding to the minimum Sy; (i.e., 2.4 and
5.2 GHz) in Fig. 5(a). This is because y’ is roughly inversely
proportional to S1; [see (8)]. In addition, at frequencies close
to the minimum S, both K -factor and p increase with the in-
crease of frequency mainly because A, (or Se1) monotonously
decreases with the increase of frequency [see Fig. (5b) and (¢)].
The measured K -factor, p, and p’ versus frequency character-
istics of the 5-GHz-band CMOS LNA in [10] were shown in
Fig. 8 for comparison. Clearly, for a narrowband CMOS LNA
(with good tuning range), the phenomenon that the frequency
corresponding to the maximum g’ is close to the frequency cor-
responding to the minimum Sp; also exists. However, the fre-
quency corresponding to the maximum A, (or Sz1) is close to
the frequency corresponding to the minimum K -factor and p
which is different from the LNAs studied in this work. This
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TABLE II
SUMMARY OF MEASURED RESULTS OF THE RECONFIGURABLE
SiGe LNA ACHIEVED BY SWITCHING BIAS CURRENTS

Vee | Ier | Fo | NF | Poe | Ay | Sy | Sio
(V) | (mA) |(GHz)| (dB) [(mW)]| (dB) | (dB) | (dB)
1.5 ] 3.8 | 24 |3.18)] 87 | 19.8|-27.6| -38
1.5 3 52 1342 7.5 | 204 (-47.1|-38.1
1.5 3 5.7 321 7.5 | 203 |-24.6-38.6
2 5.1 24 | 1721 17.2 | 262 |-17.2|-42.3
2 3 52 1279 13 | 244 ) -18 [-37.6
2 3 5.7 | 2.73 13 | 234 (-17.5]|-36.9

is reasonable because K -factor is inversely proportional to So;
[see (6)] and p is roughly inversely proportional to So; [see (7)].

S-parameters and NFs at Voc = 2 V under room temper-
ature were also measured and summarized in Table II. To our
knowledge, the NF (2.73 dB) achieved is the state-of-the-art
result among all C-band silicon-bipolar based LNAs with
fully on-chip input matching network. The measured input
third-order intercept point (ITP3) and input 1-dB compression
point Py 4g) at 2.4 GHz of the reconfigurable SiGe LNA
achieved by switching bias currents is shown in Fig. 9. IIP3
of —30.5 dBm and P 4g of —23 dBm were obtained for the
SiGe LNA. The low or mediocre linearity of the reconfigurable
LNA is mainly because the dc bias point of the transistor Q1 is
close to the saturation region (i.e., Vg is not high enough) due
to the low supply voltage (Vpp) of 1.5 V and high dc voltage
drop of the bias resistor R1 (about 1.14 V). The linearity of
the LNA is expected to be largely improved if the bias points
of the transistors in the LNA are designed in the vicinity of
half Vpp. Table II is a summary of the measured results for the
reconfigurable SiGe LNA achieved by switching bias currents.

B. Reconfigurable SiGe LNA Controlled by a Switch and a
Capacitor

The measured voltage gain A, and scattering parameter S
of the reconfigurable SiGe LNA biased with supply voltage of
2 V (total current of 7.96 mA) are shown in Fig. 10. Switch
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Fig. 9. Measured IIP3 and P, 45 at 2.4 GHz of the reconfigurable SiGe LNA
achieved by switching bias currents.
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Fig. 10. Measured voltage gain (A, ) and scattering parameters S, of the re-
configurable SiGe LNA with variable shunt—shunt feedback capacitance con-
trolled by a switch and a capacitor.

control voltage (Vet,1) was equal to 2 and O V for lower band
(2.4 GHz) and higher band (4.9 ~ 5.85 GHz), respectively. The
input return loss S1; was below —10 dB from 2.8 to 9.5 GHz.
The voltage gains at important application bands were 22.9,
21.9, and 20.7 dB at 4.9, 5.2, and 5.7 GHz, respectively. When
the MOS switch was turned on, S7; was below —10 dB from
0.8 to 7.7 GHz. Voltage gain was 28.8 dB at 2.4 GHz.

Fig. 11(a) shows the measured K -factor u, and u' at the
higher band (i.e., switch off) of the reconfigurable SiGe LNA
(controlled by a switch and a capacitor) at Vo of 2 V. Fig. 11(b)
shows the measured p’ at both the higher band and the lower
band (i.e., switch on). As can be seen, for both the higher band
and the lower band, the LNA is unconditionally stable from
1 GHz to 10 GHz for both Vo = 1.5 V and 2.0 V. For both the
higher band and the lower band, the frequency corresponding
to the maximum g’ is close to the frequency corresponding to
the minimum Sp1 (i.e., 2.3 and 6 GHz) in Fig. 10. The trend
is the same with both the reconfigurable SiGe LNA achieved
by switching bias currents [see Fig. 7(a)] and the 5-GHz-band
CMOS LNA (see Fig. 8). In addition, at frequencies close to the
minimum Sty1, both K -factor and y increase with the increase
of frequency mainly because A, monotonously decreases with
the increase of frequency (see Fig. 10). The trend is the same
with the reconfigurable SiGe LNA achieved by switching bias
currents see Fig. 7(a).
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Fig. 11. Measured (a) K -factor, i, and p” versus frequency characteristics at
the higher band (i.e switch off), and (b) p+’ versus frequency characteristics at
both the higher band (i.e., switch off) and the lower band (i.e., switch on) of
the reconfigurable SiGe LNA with variable shunt—shunt feedback capacitance
controlled by a switch and a capacitor.
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Fig. 12. Measured NFs of the reconfigurable SiGe LNA with variable
shunt—shunt feedback capacitance controlled by a switch and a capacitor.

The measured noise performance of the reconfigurable SiGe
LNA is shown in Fig. 12. NFs of 2.8, 3.1, 3.0, and 3.5 dB were
obtained at 2.4, 4.9, 5.2, and 5.75 GHz, respectively. Note that
the NF (3.5 dB) at 5.85 GHz of our SiGe LNA with on-chip base
inductor was better than that (3.8 dB) of the traditional SiGe
LNA with an off-chip bond-wire base inductor and an on-chip
emitter degenerative inductor [13]. It is expected that the noise
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Fig. 13. Measured ITP 3 and P; 45 at 5.2 GHz of the reconfigurable SiGe LNA
with variable shunt—shunt feedback capacitance controlled by a switch and a
capacitor.

TABLE IIT
SUMMARY OF PERFORMANCES OF RECONFIGURABLE SiGe LNA
WITH VARIABLE SHUNT-SHUNT FEEDBACK CAPACITANCE
CONTROLLED BY A SWITCH AND A CAPACITOR

SiGe LNA SiGe LNA
@2.4 GHz @49 ~5.85GHz
Vee (V) 2 1.5 2 1.5
S (dB) 222 -13.1 -17.5~-21 | -9.8~-18.6
A, (dB) 28.8 15.8 229~203 | 17.2~159
S1; (dB) -422 -37.5 -38.6 ~-36.8| -39~-40.2
NF (dB) 2.87 3.13 3.1~3.64 NA
-23
PldB (dBm) -28 -13 (@52 GHZ) NA
-13
1P (dBm) -18 -6 (@522 GHz) NA

and the gain (Ss;) performances of our reconfigurable LNA
can be further enhanced if an off-chip bond-wire base inductor
is used, due to its lower parasitics related loss than that of the
on-chip inductors.

The measured ITP3 and P; 4p at 5.2 GHz of the reconfig-
urable SiGe LNA is shown in Fig. 13. IIP3 of —13 dBm and
P 4p of —23 dBm were obtained for the SiGe LNA. The perfor-
mances of the reconfigurable SiGe LNA controlled by a switch
and a capacitor are summarized in Table III. Note that even at a
low voltage of 1.5 V, the LNA still functions well.

V. CONCLUSION

Two miniaturized fully monolithic reconfigurable SiGe
LNAs for 2.4/4.9/5.2/5.7 GHz WLAN are demonstrated.
Input matching is achieved by the new shunt—shunt feedback
capacitance technique instead of traditional series-series in-
ductor feedback technique. Two approaches are proposed to
reconfigure the LNAs. One approach is to switch between
different bias currents while the other is to use a switch and
a capacitor. Both reconfigurable LNA consume very small
(355 pm x 155 pm and 150 pm x 270 pm) die area excluding
the measurement pads. The new technique also shows a very
wide input matching bandwidth.
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Fig. 14. (a) Small-signal equivalent circuit to find the load impedance Z,,
seen at the collector terminal of transistor ()1 of the reconfigurable SiGe LNAs
shown in Figs. 3(a) and 4(a). (b)—(c) Detailed steps to simplify the equivalent
circuit shown in Fig. (14a) to find the load impedance Z,.

APPENDIX

A. Expression of Load Impedance Z7,

Fig. 14(a) shows the small-signal equivalent circuit to find
the necessary load impedance Zj for matching seen at the
collector terminal of transistor (1 of the reconfigurable SiGe
LNA shown in Figs. 3(a) and 4(a). The circuit of Fig. 14(a)
can be transformed into that of Fig. 14(b) with some neces-
sary circuit element modifications [8], which are also shown
in Fig. 14(b). From Fig. 14(b), the impedance Z;; can be
expressed as follows:

711 = (R3

1 )+RL2

sCpce2

L+ gmoBr2
R 1
1+g/,Rrs 14 sCpcaRs

Rp»
1+ g,’;ﬂRLz

©))
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Fig. 15. Simplified small-signal equivalent circuit of the reconfigurable SiGe
LNA in Fig. 3(a) for the purpose of calculating the LNA’s Ay .

where g1y = (92 + Rpga)/(Rpgs + Rez + sChpy
R%;E2RE2)’ Rbm = Rpp2(l + gmaRE2), C%Ez =
Cprp2/(1 + gmeRE2). 9 = 9m2/(1 + gm2RE2), and
Rpo is the parallel combination of Rco + (Rz||Zo) and
rlo = To2(l + gmaRE2). Z11 can be simplified as a parallel
RC circuit as follows:

Rs 1
1 +97/n2RL2 1+ sCpc2

N < R3+ Rp» )
1+.(}1/712RL2
Rs 2 /
1 C _ 1 R
< / |sCBea <RL2+R3> ( + Imo LZ)

= (fiaz) <801Q2> '

In (10), we assume that (Rps + R3)/(1 + ¢l,2Rr2)>
(sCpc2R3Rr2)/(1 + GipoRi12) and Rppy > (Rp2 +
$C's o R'lg po RE2), which is usually the case. Once the Zr; is
known, the impedance Z;, can be simplified as a parallel RC
circuit as follows:

Rs+ Rps
1+ g{nZRLQ

ZLl ~

)

(10)

ZL ~ <R1

=(Rr)

[R(Cy + C) + RpaC1]
o)

1
(sCClR/ [R(C+Cy)+ RB201]>
1
SCL
where C' = Czpy + Cg2 and R = R'gp,||Rg2. The desired
values of C'y, and Ry, can be obtained by appropriate values of

R1, Rs, R3, transconductance g,,,2, and base-collector capaci-
tance Cgca, €tc.

(1)

B. Expression of A, of the Reconfigurable SiGe LNA Achieved
by Switching Bias Current

Fig. 15 shows the simplified small-signal model of the recon-
figurable SiGe LNA in Fig. 3(a) for the purpose of calculating
the LNA’s voltage gain A, (and S37). Rs (source resistance
of the voltage source) and R, (load resistance), which are nor-
mally equal to 50 €2, are connected to the input and the output
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port, respectively, of the LNA [8], [15]. The transfer function of
A, (= Vi /Vs) can be derived as follows:

Yo

Ay =
1% VS

_1
sCIN

T Rs+sLp+ o + Ry

1 1
(] i ) (w2 = ;) - el )

9Im1

Im1 1
~ - R
s2LpCin + 1+ s(Rs + Rin)Cix < ! 3CBE2>
1
N gmo — =) - (Rs|| B2 || R
(92 = 1. ) - (Rallal o)
~ 9m1 . <R1 1 >
s2LpCin + 1+ 2sCinRix sCpe2
1
N gmo — =) - (Rs|| Ro || R
(9m2 = ;) - (Rl )
=Gt - ZrFB (12)
in which
9mi
G = 13
MU= 2L pCy + 1 + 25C 1N Rix (13)
and
e = (| )+ (ame = . ) (RallRaln) 19
RFB 1 sCp o gm?2 Rs 3|[Li2|[Lvr,

are the transconductance gain of the first stage and the
trans-impedance gain of the second stage, respectively. Ap-
parently, Gpr11 is equivalent to the transfer function of a
second-order low-@Q low-pass RLC circuit [16]. For example,
Q = /Lp/Cixn/(2Rix) = 0.209 and 0.454 (i.e., over-damped
response), respectively, if f,(= w,/27) is specified to be 2.4
and 5.2 GHz.

According to (13), for frequencies not too far from the min-
imum Si; (i.e., s2LpCix + 1 ~ 0), G171 is roughly propor-
tional to 1/s. Because the pole contributed by Cggo is about
2.05 GHz, which is smaller than 2.4 GHz, the calculated A,
exhibits about —40 dB/decade characteristics in the frequency
range of interest for both the 2.4 and 5.2/5.7 GHz modes. Fig. 16
shows the calculated A, of the 5.2/5.7 GHz mode. Its trend is
consistent with the measured characteristics in Fig. 5(c). This
explains why in Fig. 5(b) and (c) the A, curves do not reflect
the trend of S7; at all though the trend of S5, is roughly flat.
In other words, for a wideband LNA, the trend of A, is mainly
determined by the positions of its poles and zeros. This is in
contrast to the narrowband LNAs [10], [17], the maximum A,
of which is roughly corresponding to the minimum S1; (and/or
S22).

Besides, for the reconfigurable LNA in Fig. 3(a), the reason
why good tuning range of A, (by varying the bias current of
Ip; or I-1) can not be reached [see Fig. 5(b) and (c)] is mainly
because both the equivalent input capacitance Ciy and the
transconductance g,,1 of the input transistor increase with the
increase of bias current. To be more specific, for frequencies
not too far from the minimum S;; (ie., s2LCix + 1 ~ 0),
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Fig. 16. Calculated G yr11, Zrrs, and Ay of the reconfigurable SiGe LNA
achieved by switching bias current at the 5.2/5.7-GHz mode.

$2LpCin + 1 4+ 2sCinRin =~ 2sCinRin can be assumed,
which in turn results in

Im1 ~ Im1
SZLBCIN + 1+ 2SCINRIN - 2SOINRIN
N Ic1/Vr
~ a
2sRin |:CBE1 + Cpc1 (1 + R} Ic1/VT)] .
(15)

Gun =

Apparently, the increase of G171 resulting from the increase of
gm1 With the increase of I¢q is partly counterbalanced by the
increase of Cy with the increase of I1. This explains why the
tuning range of A, for the reconfigurable LNA in Fig. 3(a) is
not good. This is in contrast to CMOS LNAs [10], [17], which
exhibit good tuning range due to the weak bias-current depen-
dence of Cix.
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