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A 2.1-6 GHz SiGe BiCMOS low-noise amplifier design for a multi-mode
wideband receiver*
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Abstract: A wideband low-noise amplifier (LNA) with ESD protection for a multi-mode receiver is presented. The
LNA is fabricated in a 0.18-um SiGe BiCMOS process, covering the 2.1 to 6 GHz frequency band. After optimized
noise modeling and circuit design, the measured results show that the LNA has a 12 dB gain over the entire bandwidth,
the input third intercept point (IIP3) is —8 dBm at 6 GHz, and the noise figure is from 2.3 to 3.8 dB in the operating
band. The overall power consumption is 8 mW at 2.5 V voltage supply.
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1. Introduction

Recently, the increasing demand for multi-mode wireless
service has made wideband RF systems more popular in mod-
ern lives and the consumer electronics market. Wideband re-
ceivers will allow a higher data rate and support multiple wire-
less communication standards. The market interests continu-
ously focus on short-range, multi-standard transceivers which
are ultimately developed to cover standards such as wire-
less local area network (WLAN) 802.11a/b/g, global service
mobile (GSM) and wide-band code division multiple access
(WCDMA). According to the different operation frequency
and crucial requirements on such a wide band, a fully inte-
grated, multi-mode wideband low noise amplifier (LNA) is
critical to overall RF frontend performance. The main design
metrics in this wideband LNA are noise figure (NF), gain and
linearity, of which NF is the most important consideration in
our study.

There have been many studies and papers proposed on
wideband LNA and ultra wideband (UWB) LNA design,
mainly divided into two categories based on process: RFC-
MOS 2l and SiGe BiICMOSB 31, Bipolar transistors have ob-
vious advantages of low noise and high speed, making them
particularly suitable for low noise applications. The SiGe pro-
cess increases the characteristic frequency ft due to the built-
in electric field induced by Ge, resulting in a higher beta value
and lower base resistor ry,, which is dominant in overall noise
performance.

In this paper we present an LNA to cover from 2.1 up to 6
GHz for multi-mode wideband applications; for the high-end
frequency up to 6 GHz, we use a simple equation to estimate a
process characteristic frequency by

Gain = fr/f = 60 GHz/6 GHz = 10 = 20 dBV. (1)

So we choose the 60 GHz SiGe heterojunction bipolar tran-
sistor (HBT) with a BVCEO of 2 V for LNA design, whose

PACC: 7200; 7270; 7280E

characteristics are quite suitable for low noise application and
ensure efficient gain.

2. Noise analysis

To minimize the noise figure in the SiGe BICMOS LNA,
we must study the complex noise mechanism in the SiGe HBT.
Firstly, we must set a general noise model for the HBT and ana-
lyze its main noise sources contributing to the noise figure. Sec-
ondly, the minimum noise figure is dominated by base current
density J,, (1A/um?), illustrating that an optimum device size,
especially emitter width, can decide the noise performance to
some extent. So optimal device selection of the HBT and other
passive components is discussed afterwards; the purpose is to
get a better understanding of the trade-off between best noise
performance and other terms such as gain and linearity.

(1) The three main noise sources in the SiGe HBT are shot
noise, thermal noise and flicker noise. When the LNA is bi-
ased in the active region, collect current mainly generates a shot
noise source 72, base current noise can also be represented by

ibz, which has a shot noise part, but base noise is mainly domi-
nated by thermal noise generated by r, and flicker noise across
the BE junction. The HBT noise can be modeled as Figure 1
shows.

Then we have,
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Fig. 1. Noise modeling of the SiGe HBT.
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(2) According to the simulation results, we find that the
minimum NF is decided by the emitter width (emitter length
has a weak relationship with noise performance, but it is a
strong function of total gain) and bias current density, or base
current density, so the minimum width HBT is selected, and the
available maximum gain is obtained by setting an appropriate
HBT length. Back to the two-port noise model, the circuit noise
figure can be expressed only by the impedance and admittance
term, as belowl”!:

i2 =2qIgAf + K,

Gy + Y. + Yi* Ry

NF =1
+ G.

Gu+ |(Ge + Go)* + (B. + By)?*| Ry

=1 )
+ G-

)

where Y. = G, + jB., Yy, = G, + jB,, are part of the noise
source admittance, and Y5 = G+ By is the source admittance.
We finally have a minimum noise figure as,

n f2 1 n?
. LT
" B +\/ et (g ) ©
NFmin X Ic, (7)

NF min X v/ (f/fT)2 (8)

So it is clear that NF is a function of the base resistor ry, bias
current [, which is decided by the base bias current density
and characteristic frequency f7. NF is proportional to the base
resistor and bias current density, and inversely proportional to
the characteristic frequency ft.

NFpin = 1

NFmin X Iy,

3. Circuit topology

Based on discussions in Section 2, we choose a 60 GHz
SiGe HBT of a minimum of 0.24 ;xm width, which has germa-
nium ejected into the base to help lower the base resistor, lift
Jfr and beta value, finally resulting in a relevant lowest noise
figure. The relationship between the minimum noise figure and
bias current density is shown in Fig. 2. The HBT gets a mini-
mum NF of about 0.75 dB at 0.5 £A/um? bias current density;
the emitter length does not have much impact on the noise fig-
ure, so the main amplifying HBT is biased at near this current
density.

According to previous work, there are mainly two kinds of
SiGe LNA structure selections: common emitter cascadel!> 2>
and common basel*!

Common base structure has advantages such as low power
dissipation, ease of obtaining input impedance match and sav-
ing chip area due to there being no LC matching networks],
but it is not suitable for lowering NF because the common base
amplifier is based on current amplification, collator noise will
be totally injected into the signal path, and the NF will rise and
cannot adjust satisfactorily.

Traditional common emitter cascade topology using a de-
generation inductor can achieve perfect noise matching at nar-
rowband. However, this topology is usually used with resistive
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Fig. 2. Minimum NF versus bias current density in the HBT.
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Fig. 3. Simplified schematic of the proposed LNA.

feedback to match the input impedance and improve linearity,
which will degrade the noise performance to a large extent.
Furthermore, based on cancellation of the reactance for a nar-
row frequency range by using an inductor, traditional topology
is not suitable for broadband operation!®!.

The proposed broadband LNA in this work without bias
circuits is simply shown in Fig. 3. The LNA is a single stage
cascade amplifier with ESD protection at both input and output
ends.

The feedback is different from normal resistive or capac-
itive feedback but is a common-drain stage loop, see C1, M2
and L2, which provides another degree of freedom in the de-
sign and adjusts the input impedance over a wide band. The
real part of the input impedance can be approximated by

1
Zin,real = ’ ’
el e 2 (U + B1 Zioad. real) v

where g, is the transconductance of feedback MOSFET M2,
which is a frequency-invariant term, Zjo,q4 is load impedance,
including L3 and R4. The LNA has a traditional common-
emitter source amplifying stage with a resistive load, see R4,
the L3 is added to bring an inductive term at load, used to
broaden the bandwidth and achieve better output matching.
The inductor L2 in the feedback path is utilized to achieve a flat
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Fig. 5. Chip photograph.

frequency impedance response, and in this way, better noise
performance can be obtained at the same time.

Because the most important design target in circuit design
is to minimize the noise figure, to fulfill this purpose, a small-
signal noise model of the proposed LNA is drawn in Fig. 4;
the noise figure is dominated by the noise from the input tran-
sistor T1 and will be lowered if B, is increased. According to
Egs. (2)—(4), the primary noise sources determining the overall
LNA NF are input base-current shot noise iZ, collector- cur-
rent shot noise E (same collector current), input base resistance

thermal noise v_lfl and feedback resistance thermal noise vfz.
According to these analyses, we rewrite Eq. (8) below:

n

12 1 n?
+E+\/ (re+rb)(fT 3 )+ﬂ—1- (10)

So after careful HBT device modeling and simulation, the base
resistor ry, bias current /. and 8, are obtained by appropriate
device selection and current bias. We find that the parasitic
term accompanied by increasing device size reduces the band-
width rapidly; to solve this trade-off, the input stage is biased
at 3.2 mA to get the best base current density for noise perfor-
mance.

NFpmin =

4. Experimental results

The presented LNA is implemented in 0.18 um SiGe BiC-
MOS technology, which features an up to 60 GHz SiGe HBT.
The minimum lithography is 180 nm and substrate resistivity
is 16 Q-cm. The LNA is fabricated and tested on a bare die.
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Fig. 7. Noise performance.

Figure 5 shows the die photograph; we add the necessary ESD
protection circuits to both RF signal ends and power ends.

The total occupied size is 550 x 850 um?, the RF signal
is on-chip probed by a GSG structure, and the measurements
are performed with an Agilent 40 GHz vector network analyzer
8722D and a spectrum analyzer E4440A. DC power supply is
2.5V, bias current is 3.2 mA. The measured S parameters from
the 2.1 to 6 GHz band are shown in Fig. 6 and the NF measure-
ment results are displayed in Fig. 7. The measured input third
intercept point (IIP3) at 6 GHz is about —8 dBm using a two-
tone test using 200 MHz spacing, as shown in Fig. 8.

It can be seen that the S»; of the LNA all around the 2.1-6
GHz band has almost reached above 12 dB. At 6 GHz the gain
drops by as much as 1 dB because of the parasitic increase. As
can be seen, the bandwidth is higher than 6 GHz. The S;; and
S, are all below —10 dB when the frequency is lower than 4
GHz, but obviously degradation shows up on input return loss
and reverse isolation to —6 dB worst at 6 GHz; this is proba-
bly caused by shunt capacitance introduced by ESD. So there
needs to be a careful adjustment of the parasitic resistance and
parasitic capacitance in future layout work, trading matching
conditions, bandwidth and gain.

The measured noise figure is in the range of 2.3-3.8 dB,
which is worst at 6 GHz. As we can see clearly, NF increases in
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Table 1. Performance comparisons.

Reference  Technology Freq. (GHz) NF (dB) Gain(dB) 1IP3 (dBm) @ 5 GHz Power (mW) ESD (kV)
Ref. [3] 0.18 um SiGe BiCMOS  2-10 <35 11.5 > =75 7.2 -
Ref. [4] 0.18 um SiGe BiCMOS  3.1-10.6 < 5.65 16.1 - 3.65 1.5
Ref. [5] 0.35 um SiGe BiCMOS  3.1-10.6 < 6.4 10 - 5.4 -
Ref.[1]  0.18 um RFCMOS 23-92 <39 93 >—15 13.2 -
This work  0.18 m SiGe BiICMOS ~ 2.1-6 23-38 12 > -8 8 2
20 CMOS low-noise amplifier (LNA) for multi-mode wireless ap-
10k plications. When the LNA is operating at the 2.1-6 GHz band
with ESD protection, the experimental results show an average
_ TIP3 = -8 dBm 12 dB gain over the whole band. The LNA has a noise figure
& of 2.3-3.8 dB and the IIP3 is —8 dBm at 6 GHz.
=
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