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Abdgtract : We present the design of a wide-band low-noise amplifier (LNA) implemented in 0. 331 m SiGe BiC-
M OS technology for cable and terrestrial tuner applications. The L NA utilizes current injection to achieve high lin-
earity. Without using inductors,the LNA achieves 0. 1 1GHz wide bandwidth and 18 8dB gain with less than
1 4dB of gain variation. The noise figure of the wideband L NA is 5dB ,and its 1dB compression point is - 2dBm
and I1P3is 8dBm. The LNA dissipates 120mW of power with a 5V supply.
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1 Introduction

In modern integrated RF receivers, the low
noise amplifier (LNA) is one of the most critical
building blocks since its NF, gain, and linearity
contribute sgnificantly to the overall system per-
formance. Wide-band L NAs are used in terrestrial ,
cable ,and other applicationsin which the ratio be-
tween bandwidth and center frequency can be lar-
ger than two. For narrow-band LNAs,low noise
figure ,high gain ,and impedance matching can be a-
chieved at relatively low power consumption by ex-
ploiting the quality factor of coil-based matching
networks™ . However , this is not practical for
wide-band receivers asin cable digital video recep-
tion (100 1000M Hz bandwidth in China) , satel-
lite reception (950 2150M Hz) ,and terrestrial re-
ception (450 850M Hz) due to the complexity of
the required wide-band matching networks. For
wide band reception ,the wide-band nature of tran-
dstors and resstors is typicaly used. As the de
mand for increased bandwidth grows, designing
wide-band L NA s becomes more difficult.

This paper presents the desgn of a wide band
LNA implemented in 0. 33y m S Ge BiCMOS tech-
nology for digital video broadcasting via cable
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(DVB-C) and terrestrial (DVB-T) tuner applica
tions. The LNA achieves an 18 8dB gain ,5dB noise
figure,and - 2dBm Piws over a0 1 1GHz band-
width. The LNA disspates less than 120mW of
power with a 5V power supply.

2 Design of wide-band L NA circuit

Traditional wide-band L NAs often use a sn-
gleend cascode architecture because of its high
gain at high-frequency and superior reverse iola
tion. However ,cascode L NAs suffer from limited
linearity due to the stacking of two transstors,
which reduces the available output swing. On the
other hand,a differential architecture relaxes the
requirement for a large output swing,which im-
proves the linearity” . Therefore ,a differential ar-
chitecture is chosen in DVB-C and DVB-T tuner
systems that requires high linearity. Figure 1
shows a smplified circuit schematic of the wide
band L NA (biasng not shown) . In our design ,two-
stage amplifiers are used.

2.1 Firg sage amplifier

Low noise figure,high linearity ,gain,and in-
put matching are achieved in the first stage of the
wide-band LNA. A differential cascode architecture
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Fg.1 Smplifiedcircuit diagram of the wideband L NA
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ischosenin thefirst stage for its excellent gain at
high frequency and superior reverse isolation.
When analyzing the small signal model of the cir-
cuit ,a sngleinput isused instead of differential in-
puts.

The trans stors are biased close to the peak fr
to achieve the minimum noise figure. Actualy ,the
current we choseisalittle lower than the peak cur-
rent because of manufacturing tolerance.

In our design,emitter degeneration resistors
Re are required to meet the high linearity require-
ments. Usng the small signal model , the third
order intercept voltage can be approximately deter-
mined by
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where vt is the thermal voltage,and r. and Re are
the emitter resistances of the transstor and the e
mitter degeneration res stor ,respectively. Thus,the
size of the emitter degeneration resistor Re can be
obtained from the IP3 requirement by the equation
2
3
Ree = Ree = Re = re ZVJ (2)
The output resistances R.: and Rz are used to
obtain the first stage gain. Unlike the traditional
L NA ,the output resstances here must allow the

maximum signal that satisfies the high linearity re-
qguirement to pass the first stage without distor-
tion.

For optimum NF ,the LNA has to be matched
to the optimum source impedance. Shana’ a et al.
derived the relationship between optimum source
impedance and the trans stor size as”
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where M N represents the device' s size,and Aq..n
isa constant for fixed current dendty Jc and fre-
quency f.Unfortunately ,it is difficult to match the
optimum source impedance to the cable input im-
pedance for wide band. Thus,a shunt feedback has
to be used,and then the transstors will have a
much smaller bearing on the noise figure than in a
tuned L NA ,while matching the power.

The smple shunt feedback circuit and its
small sgnal model are shownin Fig.2. Resstor R
forms the feedback ,and capacitor G is added to al-
low for independent biasng of the base and collec-
tor® . Ignoring the Miller efect and assuming that
G isa short circuit (1/WC <R) and ryislow com-
pared to e ,the input impedance can be given by

7 = Ze (R + R)
" R + R+ Zne(1+ gnR)
R + R R + R
= Rl Zeel = 4
! > ogn R gm R (4)

Asa result ,compared to the open-loop ampli-
fier input impedance Z» ,the input impedance for
the shunt feedback amplifier has less variation over
wide band frequency and process. Then wide band
match is achieved.

In our design ,snce the voltage gain is greatly
afected by the feedback® ,a buffer between the
first stage and the second stage is added. The buff-
er can also provide some inductance to the input ,
which tends to make the match better and provide
matching between the two stages. As shown in
Fig.1,Rm and R are shunt-feedback res stors,and
transstors Q5 Q8 make up the buffer. The buffer
is assumed to be losdess,and the input impedance
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Fig.2 Smple shunt feedback circuit and small sgna model
becomes code and provide some gain.

Zn = Zo (1 + L gm_Rl_Zhe) 1 Transstors M1 M4 and some resstors com-
Re Re pose the second stage. Then the total voltage gain

- Re — = R; - —ge (5) can be approximated as

F gm L o

1+ Gm Ro + Zbe G = G & = R. RL Gso (8)

Snce input impedance of the LNA can be esti-
mated by the feedback res stance Rr divided by the
open loop gain®®® |the size of the feedback resi st-
ance can be determined:

R _ __Re

Zin = = =
" Go R
Re + re
_ _ _ _ZnR
R = Re = Re = Re + 1. (6)

With the addition of a buffer ,the voltage gain
is no longer affected by the feedback ,and the gain
of thefirst stage can be estimated by the open-loop
gain minus the lossin the buffer:

G = - RER+ " Gso (7)
Here,Gso iSthe voltage gain of buffer.

The feedback also resultsin the reduction of
the role trangstors play in determining the gain,
and it therefore improves linearity™® ,but the pres
ence of feedback resstors Rq , R may degrade the
noi se.

2.2 Second stage amplifier

If the second stage of the common emitter am-
plifier were not used,the two transstors of the
cascode and the emitter resistors in first stage
would consume a large voltage ,which would limit
the headroom. Then it would be impossble to a
chieve high linearity. This is the reason why it is
difficult to achieve high linearity and high gain
smultaneoudy with traditional LNAs. Therefore
the common source amplifier is added after first
stage ,which can broaden the headroom of the cas

(Re+ re) (Re + re)
where R and R. represent the load resistors of
the two stages,regectively , Re and R e represent
the emitter degeneration resistors of the two sta
ges,re and r'e are the emitter resistors of the tran-
gstors in the two stages,and Geo is the voltage
gain of the buffer.

In the design,the method of current injection
isintroduced to improve the linearity in the second
stage. In high frequency LNAs,the input third-or-
der intercept point (I1P3) is relative to the collec
tor current™®” . When a signal passes the first
stage,it becomes large. Hence, a large collector
current is needed to sati§y the high linearity.
However it is difficult to Sze the load resistor be-
cause of the large current. High linearity can be a
chieved ,but at the expense of gain. The current in-
jection technique is good at solving this problem,
but this technique is rarely used in the desgn of
low noise amplifiers because much noise results
from adding a current source. However ,this meth-
od can be used in the second stage. The noise factor
of an N-stages connected system is®

E -1 E -1 Fn - 1
F= F + + +
A1 A1 A2 A1 Az Ana:

(9
where F and A; are the noise factor and gain of
each stage, respectively. From Eg. (9) ,it can be
seen that the noise of the current sourcein the sec-
ond stage will contribute almost nothing to the to-
tal system. Thus, in our design, two current
sources are added to the load in the second stage,
which improves the headroom problem without
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adding much noise to the system. In addition,high
linearity and high gain can be obtained s multane-
oudy. As shown in Fig. 1,pMOS trandgstors M3
and M4 make up the current sources,which aford
apart of the current from transstors M1 and M2.
The smulation result indicates that the NF of the
LNA with current injection is 0. 3dB ,which islar-
ger than that for the same architecture LNA with-
out current injection. But the I1P3 is increased by
3 8dB.

3 Measured and simulated results

The wide band LNA is implemented usng
standard 0. 334 m S Ge BICMOS technology. All of
the smulated results come from a Cadence Spectre
smulator.

3.1 Direct current analysis

The measured result shows that the DC power
consumption P is 120mW ,which is below the de-
sgn goal of 200mW ,with a 5V voltage supply.
This power consumption is suitable for DVB-C and
DVB-T tuner systems,in which power consump-
tion is not a concerned parameter.

3.2 @in analysis

In the smulation and testing ,the frequency of
the input sgnals wasfrom 100M Hz to 1GHz. The
voltage gain (Ga) here is defined as the output
voltage divided by the input voltage. Measured and
smulated results of the gain are shown in Fig. 3.
The typical voltage gain of the wide band L NA is
18 8dB with 1 4dB gain flatness from 100M Hz to
1GHz. The gain reachesits maximum of 20. 2dB at
300M Hz ,and its minimum of 17. 5dB at 1GHz.
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Fg.3 Measured and smulated results of LNA gain

and Sn

3.3 S parameter analysis

Sparameters are tested to verify the input matc
hing. Hgure 3 shows the measured and smulated re-
sults of Sii. As shown in Hg. 3, Su is lower than
- 9dB throughout the whole frequency band , showing
a good broad-band input match. But the measured re-
sult isalittle worse than the Smulation due to the par-
agtic dfect on the testing board.

3.4 Noisefigure analysis

In Fig. 4 ,the measured result shows that in
the whole frequency band ,the typical noise figure
(NF) is less than 5dB, which meets the desgn
goal. It can be seen from Fig. 4 that the measured
NF is about 1dB more than the smulation due to
the noise coming from the balun in the testing.
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Fig.4 Measured and smulated L NA noise figures

3.5 Linearity analysis

Power measurement is performed at 900M Hz
to evaluate the high frequency behavior. As shown
in Fig. 5,the measured input power - 1dB com-
presson point is - 2dBm. Thisis a very high line-
arity ,whileits gainisamost 19dB.

1dB compression point=-2.0dBm

T

Output power/dBm
I~
S

A TR SR TR B 1 e 1 1 L 1
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Input power/dBm
Fig.5 Measured LNA P1dB
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4 Discussion

The circuit performances presented in this pa

Table 1 Performance comparison of

per are summarized and compared with other aca
demic works and commercial productsin Table 1.

academic and commercial wide-band L NA

This work Academic work Commercial work

Parameter Design goal SGeLNA LNA in Ref. [9] LNA in Ref.[10] LNA in Ref.[11]
Gain/ dB 17 18.8 18 13.7 13.4

BW/ M Hz 100 1000 100 1000 50 870 2 1600 100 1300

NF/ dB 5 5 5 2.5 3.8
Su/ dB - 10 -9 - 11 -8 - 18
Pis/ dBm 0 -2 - 10 -9 - 22
lcc/ MA Ve V 40,5 24 5 NA 3.3 14.,2.5 8,5
Chip/ mm? 0.9x0.5 NA 0.3x0.25 NA
Year 2005 2005 2004 2001

Compared with other works,the wide band
LNA in this paper has an excellent combination of
gain Jlinearity ,noise figure ,power consumption and
impedance matching. Thecircuit in Ref. [9] has su-
perior gain,but its linearity would not fit our de
sgn goas. TheLNAsin Refs. [10] and [11] have
good noi se figure and lower power dissipation,but
poor gain and linearity. The NF of the LNA in this
paper isworse than that in Ref. [10] due to the dif-
ferential architecture,the presence of feedback re-
sstors,and the use of current injection technology.
But a 5dB noisefigurein the wholefrequency band
is suitable for DVB tuner systems.

5 Conclusion

In this paper ,a S Ge wide band LNA with ex-
cellent gain,linearity , noise,impedance matching,
and bandwidth for DVB-C and DVB- T tuner appli-
cations is presented. The wideband L NA achieves
an 18 8dB gain, - 2dBm PwB ,8dBminput IP3,and
5dB noise figure ,which meet the requirements for
DVB-C and DVB-T tuner applications. The pro-
posed current injection demonstrates good per-
formance for high linearity LNA design. The LNA
occupies a 0. 9mm x 0. 5mm die area as shown in
Fig. 6 and consumes 120mW of power with a 5V

supply.
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Fig.6 Die photo of 9 GeLNA prototype
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