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A Novel Bipolar-MOSFET Low-Noise Amplifier
(BIFET LNA), Circuit Configuration, Design
Methodology, and Chip Implementation
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Abstract—T his paper proposes a new RF circuit configuration:
theBipolar cascoded with amosFET (BIiFET). Applyingthe BiIFET
for low-noise amplifiers (LNASs), we have developed a new BiFET-
based design methodology. By using this methodology, a BiFET
L NA hasbeen designed based on Jazz Semiconductor Inc.’sSiGe90
BiCMOS process. The packaged chip tested on board has demon-
strated a 16-dB power-gain 1.6-dB noise-figure —6.5-dBm input
third intercept point whileconsumingonly 3mw (2.2V x 1.4mA)
in the personal communication system (PCS) band. To our knowl-
edge, thisisthelowest current silicon-based L NA reported to date
that maintains good PCS band performance.

Index Terms—Bipolar, bipolar cascoded with a mosFET
(BiFET), low-noise amplifier (LNA), MOSFET.

|I. INTRODUCTION

HE low-noise amplifier (LNA) is a key component of

wireless communication systems. The LNA specification,
high gain, and low-noise figure can significantly improve the
system noise performance, while high linearity can effectively
reduce adjacent channel interference and transmitter desensi-
tization. Since receivers have to be continuously powered to
explore pilot signal, dc-bias current is a critical specification
for the LNA design. A large dc-bias current can increase circuit
power consumption and degrade the battery life.

In order to obtain high gain, high linearity, low noise figure,
and low bias current, there are a variety of LNA configurations
in use. As Fig. 1(a)—<(c) shows, six existing configurations of
the LNA can be identified as either bipolar or MOSFET with
single-device, cascade, or cascode architecture, respectively.
The single-device LNA generally has alower power gain than
the cascaded LNA, but consume less power. The cascoded
LNA has been used to maintain low power consumption and
higher gain with higher reverseisolation simultaneously. Imple-
mentations that use only bipolar devices typicaly have better
noise figure, while implementations that use MOS devices can
achieve higher linearity. This is due to the inherent properties
of the bipolar and MOS device.

The modern SiGe BiCMOS process has merged the bipolar
device and MOSFET into the same technological platform [1],
[2]. While BICMOS logic cells have been proposed previously
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Fig. 1. LNA circuit configurations. (a) Single-device, (b) cascade, and
(c) cascode with a Bipolar and MOSFET, respectively. (d) BiFET LNA with
Bipolar cascoded with a MOSFET.

to take advantages of the bipolar and MOSFET devices [3], no
equivalent for RF circuit blocks has yet been presented. In this
paper, we report a novel configuration of a bipolar cascoded
with mosFET (BIiFET) and useit for an LNA design, asshownin
Fig. 1(d). Such an approach combines a very low-noise bipolar
first stage with alinear cascoded MOSFET (BIiFET) to improve
the tradeoff between power consumption, noise, gain, and lin-
earity relative to the more traditional configurations shown in
Fig. 1(@)—(c). In Section |1, we develop anew BiFET-based ana-
lytical theory on gain, noise figure, and linearity. In Section 111,
we present a design methodology using the newly developed
theory. In Section 1V, we demonstrate a chip implementation
and, in Section V, we present a conclusion.

Il. ANALYTICAL THEORY

A. Voltage Gain

Fig. 1(d) shows the newly proposed configuration. The
bipolar is cascoded with a MOSFET loading impedance Z..
The capacitance at node P is marked as Cp and it can be
expressed as a function of Cqs and Ce (see the Appendix).
Using the small-signa frequency response, we can obtain a
voltage gain as [4]

Vvout 77
1

(3) = _gmBipZL .

where n = gumos/Crs, guBip, ad gmmos iSthe bipolar and
MOSFET transconductance, respectively. For a large gn,vmos,
7 > 1, (1) can be reduced to

‘/out
Vin

(3) = Acascode = _gmBipZL (2)
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Fig.2. Equivalent circuitsfor noise-figure calculationin: () common-emitter,
(b) common-gate, and (c) BiFET configurations.

where A.,scode iSthe voltage gain achieved with the BiFET op-
erating in the cascode mode. For asmaller gi.vos, 7 < 1, (1)
can be reduced to
Vvout
Vin

(3) = Acascade

1
= | —9mBip " ~ | ' \ImN A
< 9ImBij CpS) (9 MOS L)
= Agip - AMos (3

where A..scade 1Sthe voltage gain achieved with the BiFET op-
erating in the cascade mode. Ag;i, and Anos are the voltage
gain for the bipolar and MOSFET stages, respectively. In the
actual application, the LNA operates between the cascode and
cascade modes of operation.

B. Noise Figure
The noise figure of circuit can be expressed as [4]

2

Vn
ARTR.Af T 4T -

2

@

~

NF =1+

where Vi, and 12 are the input-referred voltage and current
noi se sources, respectively. R, isthe sourceresistance, and A f
is the frequency bandwidth.

For the common-emitter HBT used in the BiFET LNA, the
base resistance 7, of the HBT should be low to achieve alower
noise figure. The current noise source 72 could be neglected in
this case. The noise figurein Fig. 2(a) can be written as

RBip

NFpjp =1+ (54)

"5

with

Rpip =1 + (5b)

9ImBip
where Rp;j, IS the equivalent noise resistance of the HBT.
For a common-gate MOSFET, the current noise source /2
could be neglected due to the large output impedance [4]. The
noise figure in Fig. 2(b) can be written as

Ry
NFpios = 14 —228 (69)
R
with
1
Ryos =79+ (6b)

2gmMmos
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where Ryos isthe equivalent noiseresistance and r, isthe gate
resistance.

The BIFET LNA noise figure can be calculated by using
Fig. 2(c). There are two noise contributions, i.e., Rg;, and
Ryos, to the total noise figure. The Ryos contribution can
be calculated based on voltage gains between V; and V,,,; and
Vin and V, ;. The Rynos contribution to the “out” terminal can
be expressed as

2 V 2 2
iva out 7
Vn70Ut:R1\IOS = < Vo ) ) Vn,RMos (7a)
where the voltage gain is [4]
‘/out ZL
Vo gL Crs)—1 (7b)
G ImMOSs + ( PS)
and the noise voltage is
—2
Vo Ryos = AT HyosAf. (7c)

The input-referred noise voltage resulting from Ryos can be
written as

2
—2 Vi —2
Vnyin,RMos = <V t) : Vn,out,RMos' (8
ou

The input-referred noise voltage resulting from Rpj, can be
written as

Vo s, = AT RuipAf. )
Since the noise source Ryiog is not correlated with Rp;p,, the
total input-referred noise voltage can be obtained as

2 —2

-V 2

Vn,in n,in, Rpos + Vn,in,RB;p . (10)

Substituting (10) into (4) and assuming /2 = 0, we can ex-
press the total noise figure as afunction of NEFg;;, and NFyog
through the corresponding equations as follows:

NF -1=(NFgjp — 1)+ ﬁ(NFMOS - 1. (1)

p
Thisequation is presented here for thefirst time. It clarifiesthat
the cascode noise figureis mainly determined by theinput tran-
sistor rather than the cascoded device. The smaller the capac-
itance (Cp) a node P is, the higher the voltage gain (Ag;,)
is, which reduces the cascoded MOSFET’s noise and totally
achieves a lower noise figure.

C. Input Third Intercept Point (1IP3)

The input—output relationship of a memoryless nonlinear
system can be approximated with a polynomial [5]

y(t) = ara(t) + aoz®(t) + asz>(t) + - - (12
The 11P3 should be
1Py = 4. 1% (13)
3 3
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Fig. 3. Equivalent circuits for the 1TP3 calculation in bipolar/MOSFET:
(a) single-device and (b) BIFET configurations.

For the input bipolar transistor, the input—output relationship
in Fig. 3(a) can be obtained as

Vero + Vin
Vr

I exp <VBEO )
v

IC IfseXp<

T

Y 2+1 v 3+
Vi 2\ Vr 6\ Vp

where I~ is the collector current, /s is the reverse saturation

current, Vggo is the emitter—base dc-bias voltage, Vi, is the

input signal, and Vi is the thermal voltage. The IIP3 can be
obtained by using (13)

IP3p;, = 2v2 - V7. (15)

Substituting the bipolar transistor in Fig. 3(a) for the cascoded
MOSFET, we can achieve alarger I1P3 and further assume it to
be infinite due to the MOSFET’ s square -V law.

The BiFET’s 11P3 can be calculated in Fig. 3(b). We can ob-
tain a group of equations as

(14)

Ip =M(=Vpg — Vy)* (16a)
Ip +ip =M(=Vpg — Avp — Viy)* (16b)
ip =AvpCps (16C)

ic = Is exp Gﬁ;‘) (16d)
ip =tc —ip (166)

with M = (1/2) pu,Cox(W/L), where p,, is the electron mo-
bility, Cox is the gate-oxide capacitance density, and W and L.
isthe gatewidth and gate length, respectively. Substituting (16a)
and (16c¢) into (16b), we can get

iD = MAU?’ — gmMOS - AUP (16f)
with

gmMos = 2M(=Vpg — V).

Substituting (16c) and (16f) into (16€), we obtain

(169)

gmmos — Cps i
Avh — 222 727 Avp = —,
or M PN
Solving (16h), we can obtain a solution of Av,

(16h)

ic (gmmos —Cps)’

gmMmos —Cps
M 472 + ’

2M

Avp = — (161)
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The output current i, can be rewritten as

Vin
iD IIseXp <V—T> — Cps

Ise Vi n
—1/ = ex
M P\,

gmmos — Cps)
+ 2M

(gmmos — Cps)®
4M?

(16)

ThelIP3 can bederived by using (16j) withip being afunction
of Vig.

Ill. DESIGN METHODOLOGY

A. Design Guideline

We can rewrite the normalized voltage gain in (1) as a func-
tion of n

GNORM = T+ D) (179)
with
Vvout
G = . 17b
NORM Acascode‘/in ( )

The normalized noise figure can be afunction of  through (11)
1

NFNorMm = pes (18a)
with
3 NF -1
NF 1= . -1 18b
NORM 4gm (ratio) <NFBip —1 ) ( )
and
miv 1 1'r miv )
gm(ratio) = gmvos 1+ 1.59 MOSTy (18c)

9ImBip 1+ ngBipr

The input—output relationship in (16j) can be afunction of 7 as
follows:

Vin
iD = IS exp <V—T> — Ops

Ise Vi n
=4/ = ex
M P\,

when n < 1 of gmmos < Cps, the node P in Fig. 3(b) is
ac shorted to ground, no signal is output, and (19) is reduced
and tendsto ¢, = 0, which causes alarge [TP5. When n > 1
or gmmos > Cps, the node P is open and (19) is reduced to
ip = I, exp(Viy/Vr), which causes [IP3 to equal that of the
bipolar single device. The normalized I1P3 is

1IP;
ITP3gip

whenn = 1 or gimmos ~ Cps, (19) can be reduced to

. Vvin CPS Vvl
ip=1 — — — }. 21
D SGXP<VT>+\/MGXP<2VT) (21)

C%s%n —1)2
4M2

Cps(n—1)
2M

(19)

IIP3noRM = =1 (20)
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Fig. 4. Normalized LNA specifications analyzed with n for the design
methodology development.

We can write the polynomial of (21) as

. Ops < Ops ) <Vm> 1 < OpS)
ip=Is+—=+{1Is+ +> | Is
WIS N\ ey )\ ) T2 1/M
Vvin ? CPS
() +5 (v i) () v e
ITP3 can be abtained through (13)
I + Cps
IIP; = 2/2Vy - : — /M (23)
s+ SV

Since I = Ip, ((Cps)/VM) = ((gmmos)/ VM) = 2¢/I¢,
and /I > 41,,thenormalized IIP 3 can be expressed by using
(15

IIP;
ITP3pip

IP3norM = =2 (24)

Fig. 4 shows the normalized gain, noise figure, and IIP;
varying with » through (17a), (18a), (20), and (24). When
1 < 1, even though we could achieve good linearity, low gain
and high noise figure are not desirable. When n > 1, both
the noise and gain can achieve good performance. However, a
large current is required, degrading power consumption. When
7 = 1, the achievable noise is nearly the same as that achieved
with the bipolar single device since g,,(ratio) <« 1. With
7 ~ 1, thegainishaf of Acascode, SINCE Acascode 1S generaly
a least a double of the bipolar single-device gain, we could
still achieve nearly the same gain as we could with the bipolar
single device. Linearity, however, is twice what is achievable
in the bipolar single device, as measured by I1P3. Therefore,
7 = 1 represents an optimum choice for designing and biasing
the BIFET LNA.

B. Design Procedure

The BIFET LNA design could start with the input bipolar
transistor. The circuit should be biased near the minimal noise-
figure valley, as shown in Fig. 5. An acceptable biasing current
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Fig. 5. Measured minimal noise figure versus collector current density based
on Jazz Semiconductor Inc.'s SiGe90 process.

| Bias circuit

or-board

Fig. 6. Simplified BIFET LNA schematic in implementation.

could be determined by using Ar x J¢o (at “A”), where A is
the emitter areaand .J isthe collector current density.

The next step is to choose a matching MOSFET based on
n = 1 or gmmos ~ Cps to optimize the design specification.
Cp in (A.4) can be reduced by assuming gmpip > gmmos and
((gmpip)/(Crcs)) > 1 as(shown in the Appendix)

Cp = Crc + Cgs. (25)

Since JmMOSs = 2vVMIp = 2v/MlIc and Cas =~
(2/3) WLC, in the saturation region, we can obtain an
equation of W through n = 1 asfollows:

() -5 =g

e
2COXL3fg

where f is the operation frequency of the LNA. Solving (26),

we can derive
W 1 9Ucpin n 1 9Ucpin 3CBc
o\ 27\ 8CxL3fE " 21\ 8CoxL3f3  2C.xL
(27)

(26)

2
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TABLE |
BIiFET LNA PERFORMANCE MEASURED AT THE PCS BAND (1.96 GHz)

Supply | Power Gain | Noise Figure | TIP3 [S11] 1Sx| [S12| Current
22V 16.0dB 1.6dB | -6.5dBm | -10.8dB | -14.5dB | -28.0dB | 1.43mA
3.0V | 203dB 1.3dB | -6.0dBm | -10.4dB | -13.2dB | -28.2dB | 3.0mA
5.0V 19.5dB 1.55dB | -1.0dBm | -10.2dB | -12.7dB | -28.5dB | 3.5mA
TABLE 11
VALUES OF 7 IN THE BIFET LNA IMPLEMENTATION
Supply SuBip 8mmos Cos Cpe n
22V 50.5mS 6.8mS 0.25pF 0.11pF 1.53
3.0V 105.9mS 9.1mS 0.25pF 0.11pF 2.05
5.0V 122.5mS 10.2mS 0.25pF 0.11pF 2.30
where fy must satisfy system (PCS) band frequency is over the maximum operation
frequency predicted by (28). Even though the process offers
fo < 1/ 3lcpn (28) MOSFETs with a shortest gate length L = 0.35 um, we ill
= 27V 4Cpcl? use a longer gate L = 0.8 um in the BiFET LNA design to

Equation (28) givesthe highest operation frequency limit of the
BIiFET LNA. The high bias current, low B—C capacitance and
short-channel length MOSFET is essential to achieving ahigher
operation frequency. Using (27), we can calculate a W based on
agiven L as an initial value for the design simulation. By re-
peating the above procedure and adding proper simulation opti-
mization, we can achieve good performance and satisfy the de-
sign specification.

IV. CHIP IMPLEMENTATION

TheBIiFET LNA isdesigned using Jazz Semiconductor Inc.’s
0.18-xm SiGe90 process. This technology offers two types of
SiGe n-p-n’ s. a 75-GHz fT, 130-GHz fMAx, 3.8V BVcEo
high-speed device, and a 35-GHz fr, 100-GHz fuax, 6-V
BV ko high-voltage device. It aso offers poly resistors, 3.3-V
CMOS, high-@ meta—insulator—metal (MIM) capacitors, and
high-@ inductors. The process used includes a 3-zm-thick
top-metal inductor built on an 8 2 - cm silicon substrate. More
details on the technology can be found in [1] and [2].

The BIFET LNA includes the LNA core, bandgap-refer-
enced circuit, and input and output 50-2 on-board match. In
Fig. 6, the bipolar transistor 7’1 and MOSFET M1 have been
designed by using the methodology proposed in Section lIl.
We consider 71 first. AsFig. 5 shows, the minimal noisefigure
can be achieved by biasing the transistor at a current density
Je &~ 0.05 mA/um?. The emitter area can be obtained based
on the current specification I« =~ 1.5 mA, i.e,, Ax = 30 um?.
Thus, we use four paralel n-p-n's with each of them having
four emitter fingers, five base fingers, and two collector fingers.
The total emitter areais 0.2 x 10.16 x 4 x 4 ~ 32.5 um? close
to the desired 30 pm?. The next step is to design MOSFET
M 1. Wefirstly determine whether the personal communication

more efficiently verify the design methodology. If we could
achieve good performance by using L = 0.8 um, the shorter
gate length should have no problem performing well. Con-
sidering a typical electron mobility s, = 260 cm?/V - s, we
can obtain the maximal operation frequency fo = 3.2 GHz,
which satisfies the PCS band specification. With atypical 20-A
gate oxide and the 0.8-m gate length, we can calculate the
gatewidth of W =~ 100 pm using (27). Taking the MOSFET
with L = 0.8 um and W = 10 pm and using ten fingers
(100 pm) as an initia value, we have optimized the BIFET
LNA simulation and determined an eight-finger MOSFET to
be the fina choice.

Thefabricated BIFET LNA is packaged in a32-pin land grid
array (LGA). A die photograph is shown in [6]. We have per-
formed room-temperature tests with a supply voltage ranging
from 2.2 to 5 V. Table | shows a typical measurement result
at afrequency of 1.96 GHz. The LNA achieves 16-dB power
gain, —6.5-dBm IIP3, and 1.43-mA/3.1-mW power consump-
tion at 2.2-V supply voltage. When biased to 3 and 5 V, the
LNA achievesahigher power gain (20.3dB at 3V), higher I1P3
(—6dBmat 3V), andlower noisefigure(1.3dB at 3V). Withall
the bias conditions, the LNA also achieves a higher reverse iso-
lation (~28 dB) than the single-device LNA (>20 dB). To our
knowledge, the BiFET LNA configuration and design method-
ology hasresulted in the lowest power consumption reported to
date [7], [8].

The design methodology can also be verified by identifying
the n value at different supply voltages. Table Il shows the cal-
culated 7 value based on the simulation modeling parameter. At
2.2V and 1.43mA,wegetn = 1.53, whichisclosetorn = 1, the
design optimized point in the design methodology. The power
gain of 16 dB is equivalent to the bipolar single-device LNA
result as the design methodology predicts. When the bias is 3
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and 5V and the current is higher, the increased g,,,n0s makes
7 increase to around two, but still not far fromn = 1. These ev-
idence that = 1 should be an optimized point for the BiFET
LNA design.

V. CONCLUSION

This paper has proposed a new RF circuit configuration:
the BiIFET LNA, which is based on Jazz Semiconductor Inc’s
SiGe90 BiICMOS process. This LNA merges the low-noise
advantage of SiGe bipolar devices with the inherent linearity
advantages of MOSFET devices together with the low current
and high gain advantage of a cascode configuration to improve
the power consumption, gain, noise, and linearity tradeoff in
LNA design. Using the newly derived design methodology,
we have demonstrated a successful BiFET LNA design. The
packaged chip tested on board has achieved a PCS-band gain
of 16 dB, a noise figure of 1.6 dB, an 11P3 of —6.5 dBm, and
a power consumption of 3 mW. To our knowledge, this is the
lowest power consumption reported for an LNA capable of
meeting PCS-band requirements.

APPENDIX

In Fig. 1(d), the voltage gain between Vp and Vi, can be
written as [4]

VP _ GmBip

= A.l
Vi gmmos + Cps A1)

Using the Miller rule, we can obtain the equivalent capacitance
of Cpc from the node P to ground as

Vin
Cppo = <1 7 ) -Cgo. (A.2)
P
Cp can be expressed as
Cp = Cgs + Cppc. (A3)
Using (A.1)—«(A.3), we can derive Cp as
CP _ (gmBip + gmMOS)CBC + gmBipCGS ) (A4)

ImBip — CBCS
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