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Abstract

A wideband amplifier with 15 dB gain and a 3-dB bandwidth of 2.8 GHz implemented in an

advanced SiGe bipolar technology is presented. The noise figure is less than 4.4 dB while

dissipating only 16 mW from a 2.5-V supply. The resulting figure of merit Gain / (Power * Noise

Figure) of 0.213 exceeds those of recently published SiGe and RFCMOS wideband designs.

The architecture chosen is a noise-canceling topology with shunt resistive feedback for

wideband matching to 50 Ohms. Finally, the importance of modeling test bed parasitics is

emphasized in the context of RF circuit design.
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I. Introduction

Design of circuits at RF frequencies differs slightly from that of classical analog components. RF

specifications such as input and output matching, as well as higher sensitivity to coupling and

testing losses require new design methodologies that address these issues in a logical manner.

Contained in this paper is one such methodology in the context of SiGe technology, where

dramatic tradeoffs must be made during transistor choice and sizing. Test board parasitics can

be a limiting factor in the circuit performance and care must be taken during sirnulation to model

all chip signals. This methodology will be explored through the example of a wideband low noise

amplifier in two different SiGe technologies.

Wideband Low Noise Amplifiers (LNAs) have several applications in emerging broadband

communications systems such as multi-band mobile terminals and base stations. RFCMOS

wideband LNAs have been reported with good noise performance, but high power (about 35

mW) [1], low bandwidth [2] and low gain. GaAs wideband designs have shown exceptional

noise figures down to 1.3 dB at frequencies up to 2 GHz and 2.5 dB at frequencies up to 6 GHz

[3]. However, GaAs circuits typically cost two to four times more than SiGe circuits on a $/mm2

basis [4]. A cheaper 80 GHz SiGe HBT based wideband LNA [5] acheived results similar to

those of other wideband LNAs at frequencies up to 15 GHz, but used 24 mW of power with a

large area due to an on-chip inductor. By combining the high fT SiGe HBT and the inductorless

architecture used in [1] a low power, low area, high bandwidth wideband LNA has been

designed.

The topology chosen for the wideband LNA presented in this thesis is a common emitter

amplifier with shunt feedback and active noise cancellation. Design for two different SiGe



technologies were completed. One has been fabricated with the measurements documented in

this thesis. Simulation showed comparable results to other wideband designs, though testing

showed degraded noise and bandwidth performance. Even so, the measured figure of merit

Gain / (Power * Noise Figure) exceeds that of [1], [2] and [5]. Future work includes probe based

testing (both bias and RF signals) as opposed to board level testing, and exploration of other

topologies.



II. Circuit Design

I1.1 Figures of Merit

In the receiver architecture of Figure 1, the LNA must amplify the signal from the antenna

without degrading the signal to noise ratio significantly. This antenna signal can range from

hundreds of nanovolts up to hundreds of millivolts and must be amplified linearly throughout this

range. Furthermore the band-select and image-reject filters are typically realized as external

components requiring 50 ~ impedance at both the input and output of the LNA (from page 126

of [6]). This rules out many common LNA topologies due to their inability to achieve this

impedance, or to amplify over a range of frequencies without adding excess noise [7].

I select t~
I Fi ter /

LNA

t~ ImageI ~ Channel
Reject ~ ,/~ ~ Select
FilterI

~

Filter

COS(0LOt

Figure 1. Heterodyne RF Receiver architecture (adapted from page 127 of[6])

11.2 Topology Choice & Design

11.2.A Common Emitter Design

One topology that can achieve the low impedances necessary for RF operation is the common

emitter amplifier with shunt feedback shown in Figure 2(a). By applying KCL at the output node

and applying an input voltage VIN to the base of the transistor we get equation 1. If the designer



can guarantee a 50 ~ match to the source resistance Rs this voltage VIN will be equal to half the

source voltage Vs.

g m~ * V ZN r~ V ZN -- V OUT V our {1}
rb +r~ RF ro

Assuming that the physical base resistance (rb) is much smaller than r~ (transistor current gain

divided by transconductance g, nl), the feedback resistance RF is much smaller than the

transistor output resistance ro and ,8 is large (such that 1/gml is much smaller than r,,) the input

resistance is merely 1/g~1 and the unloaded gain VIN/VOur is equal to- (gm~RF " 1). In order to

match the input impedance to the 50 fl source impedance Rs, the transconductance g,~ is set

to 1/Rs, or 1/50 ~3. If the feedback resistor approaches the same magnitude as ro, the small

signal current will no longer completely flow through RF and the input match will be degraded.

R$

R~
VOUT

V= gml*Vz

r°

Figure 2. Common Emitter with Shunt Feedback; Schematic (a) & Small Signal Model (b)

The output resistance of this stage can be computed by shorting Vs to ground and computing

the impedance of the resistive network. Figure 3(a) shows this small signal circuit model for the



iT l RF

(a) (b)

Figure 3 Output Impedance Circuit Model (a) and Simplification (b)

output impedance calculation. It is assumed that rb is much smaller than r~, Rs is much smaller

than r~ and ro is much larger than the series combination of RF and Rs. The circuit shown in

Figure 3(b) takes these assumptions into account. By placing a test voltage VT on the output and

dividing by the resulting output current iT the output resistance may be found. This current is

given by equation 2 where V~N is equal to VTRs / (RF + Rs) because of the voltage divider nature

of RF and Rs. Equation 3 gives the output impedance by solving equation 2 and dividing VT by iT

(note that g,,1 equals 1/Rs).

v~. gmVTRs VT VT
VTi v = gmVlN -t ~ ~ {2}

RF+Rs RF+R s RF+R s RF+R s RF+Rs

iv_ 2vv ~ vT" -- RF + Rs - Ro~r {3}
RF + Rs iv 2

A disadvantage of this architecture can be seen if matching to 50 [3 at the output is necessary.

RE will be constrained to be 50 ~Q, causing the circuit to have no gain. An approach to decouple

the output impedance from RF will be discussed in section 11.2.C.



11.2.B Noise Analysis of Shunt Feedback Stage

In addition to impedance matching and gain, the circuit noise of the shunt feedback stage is

critical to its operation as an LNA. The noise of the circuit will be investigated by first identifying

the various sources of noise. By superposition each noise source contributes independently to

the total circuit noise. By referring these noise sources back to the input as noise voltages we

may calculate the ratio of noise added by the circuit compared with the noise incident to the

circuit from the 50 ~3 input impedance, Rs (ratio also known as Noise Factor). The Noise Figure

is the log10 of this ratio expressed in dB.

RS

Figure 4. Sources of Noise in the Common Emitter with Shunt Feedback Topology

From Figure 4 it can be seen that the three sources of noise in this circuit are the thermal noise

of the feedback resistor, the shot noise due to the collector current of transistor QI and the

thermal noise of the PFET current source PI. These three noise sources are given by equations

4 (a), (b), and (c) respectively where k is Boltzman’s constant, T is the temperature in Kelvin,/if

is the noise bandwidth, q is the electronic charge and ~, is a parameter given by process and

]0



channel length. The shot noise due to the base current is ignored as the collector noise will be

times larger. Also ignored is the PFET flicker noise due to the fact that the 1/f nature of the

flicker noise is negligible compared with the thermal noise at the frequencies of interest for this

amplifier (GHz).

2 = 2qlc I AU

2
Vn_RF 2 -~- 4kTAfRF

I._Q, In_ P = 4kT)gm~,F~r Af {4}

(a) (b) (c)

In order to refer the noise sources back to the input VIN, one must follow a four step approach.

First, the noise sources must be converted into small signal sources. Next, the small signal

transfer function from each small signal source to the output is calculated. This number is then

squared and multiplied by the noise power of the noise source to find the noise power at the

output. Finally this noise power is divided by the gain transfer function of the circuit to find the

input referred noise for each source. Taking the summation of the input referred noises, the total

input referred noise contributed by the circuit can be compared with the noise incident from the

source resistance Rs. Presented below is an intuitive approach to this technique. Appendix

sections A.I and A.II contains a more detailed approach in order to verify the correctness of the

analysis. The small signal model is shown in Figure 5(a). If it is assumed that r~ is much smaller

than r~ Rs is much smaller than r~, and ro is much larger than the series combination of Re and

Rs the circuit shown in Figure 5(b) is left.
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Vn.RF2

(a) (b)

Figure 5. Small signal circuit model including noise sources (a) and simplification (b)

Beginning the analysis with RF, the two noise current sources from Q1 and P1 are ignored (by

open circuiting them). Changing the noise source Vn.RF2 into a small signal source Vnss-RF (where

nss is a notation for noise small signal), the output voltage VOUT equals VF + Vnss-R~. Because of the

feedback resistance there will be no current flowing through RF or Rs (see Appendix section A.I)

and v~ will equal zero volts. Therefore the output voltage will be equal to the small signal noise

voltage source Vnss-RF. This is divided by the gain from section 11.2.A of, -(gmR~- 1) squared to

refer the noise power to the input. The value of this input referred noise is given in equation 5

where gin1 is equal to 1/Rs and R~/Rs >> 1.

V~i_n,~, : 4kTAfRF 4kTAfRF 4kTAf * Rs 2- = -(g"’R~ - 1)=

(RF 2~s

RF

The noise currents from transistors P1 and Q1 are both connected from the output node to the

small signal ground node, so the analysis for each source is identical. Converting the noise

current sources In.el2 and In_m2 to small signal current sources inss-Q~ and in,s-~ the output voltage

is equal to these currents multiplied by the output resistance (R~+Rs) / 2 from equation 3~ So,

12



the output noise power is equal to the noise current sources multiplied by this output resistance

squared. This is divided by the gain from section 11.2.A of, -(g,,RF-- 1) squared to refer the noise

power to the input. Equation 6 gives this value where CS refers to either noise current source,

g,,1 is equal to 1/Rs and RF/Rs >> 1 (necessary for gain).

-- =(Rs +RF)2 :*R ~ ~

V.i_cs~_ _ I.-cs
= I.-cs F __ I.-cs * Rs2

4(gmlRF -1)5
4fRy)2., 4

Expanding from equation 6, equations 7 (a) and (b) contains the input referred noise voltages 

and PI respectively.

~ _ qlclAf * Rs2
V"i-O’ 2

Vni-pt2 = kT)gmPF~rAf * Rs2 {7}

(a) (b)

The total input referred noise is the sum of equations 5, 7(a) and 7(b) (from page 208 of 

and the resulting summation is used to compute the noise factor. The noise factor of a generic

circuit is given by equation 8 where ,~J-ciro,it is the total input referred noise at node VIN and

Vni_Source 2 iS equal to 4kTAfRs. This equation is expanded to the shunt feedback common emitter

circuit by equation 9.

N.F. = hi-Source + hi-Circuit

Vni-Souree 2

4kTAfRs + V.i_ci.c~i,2 z
= = 1 + V.,_c,.c,., {8}

4kTAfRs 4kTAfRs
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4kTAJ’Rs2 qlc, kfRs2
+ t- kTNml,Ftrr AfRs ~

RF 2 + {9}N.F.=I+ =l+Rs +Ic~Rs 2g"eFerRs
4kTAfRs RF 8Vr 4

From the above equation we may gain some intuition of how to minimize the noise. Assuming

that RE >> Rs (needed for gain) the first term is negligible. The second term is effectively

reduces to gmlRs / 8 which will be fixed as g,~l is set by the input matching. The third term may

be minimized by decreasing the transconductance of transistor P~as by increasing the quantity

V~s-m - Vm4,v This will directly affect the linearity of the circuit as the maximum voltage swing is

equal to the supply voltage minus the drain to source saturation voltage (Vos.S,~T) of transistor

PB~as. Concluding this discussion, the gain, input matching and linearity objectives prevent the

designer from reducing the noise of the shunt feedback common emitter amplifier.

11.2.C Second Stage

As discussed previously, the disadvantages of the shunt feedback common emitter amplifier

include the inability to simultaneously provide gain and a 50 £/output impedance (see section

11.2.A) as well as the direct relationship between noise, gain, input matching and linearity (see

section 11.2.B). Another stage must be added such the gain and the output impedance will be

decoupled from one another and also to decouple the noise, gain, linearity and input matching.

An emitter follower is one solution, able to provide a very low output impedance while passing

the signal from input to output with unity gain. Figure 6 shows a diagram of the emitter follower

with Q3 as the emitter follower transistor and Q2 as a fixed current source (biasing not shown).

CH~, and RH~, form a high pass filter that decouples the DC value from the first stage to the

second stage.
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VBias

RF

CHp

Q1 VBias2

Figure 6. Emitter Follower as Second Stage

Q3

VOUT

---[E>

A disadvantage of this second stage is that it will add even more noise to the circuit (see section

11.2.E.i for noise analysis of the emitter follower second stage) without adding more gain. One

approach to minimizing this noise is to take advantage of the resistive feedback: and cancel the

noise from the transistors Q1 and PI. Typically noise is only present at the output and the input

referred noise is merely a model of the equivalent input noise that leads to the same output

noise. The resistive feedback, however, causes the noise from transistors Q1 and P1 to appear

at VIN with an attenuation through RF. The exact value of this attenuation can be taken from the

small signal model of the first stage noise of Q~ and P1, seen in figure 5(b). RF and Rs form a

voltage divider and the equation for the relationship between VIN and VOUTI is given by

equation 10.

Rs v°vr~ - RF + 1 {1 O}12IN = VOUTI
RF + Rs V~N Rs
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Therefore the small signal noise currents experience an attenuation of RF/Rs + 1 (hereafter

referred to as A) from output to the base of transistor Q1. This means that the physical noise

voltage at V~N will be in phase and completely correlated with the noise at VOUTI. This is contrast

to the gain of the source signal Vs, -(g,~lRF - 1) from VJN to VOUTI (180° out of phase) (see section

11.2.A).

MS + VRS" W

Figure 7. Noise Canceling Principle (adapted from [1])

We can take advantage of the phase difference to cancel the noise of the first stage. The

principle can be illustrated with Figure 7 (adapted from [1]) where In2 models the total noise

current from collector to emitter of Q1. At node X (same as VOUT~ from Figure 6) there will be two

waveforms: the input signal having gone through a gain of, -(gm~RF-- 1) and the output noise

(equal to the noise at W multiplied by +A), If an ideal amplifier with a gain of -A is connected to

node W (same as V~N from Figure 6), the two waveforms present at node Y will be: input noise*

-A and the input signal * -A. Noise cancellation can occur if these waveforms at node Y are

summed with those at node X. Node Z will contain only the signal, having gone through an
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amplification of -(gmlRF- 1) + -A or, setting g,~l equal to 1/Rs and A to equation 10, the gain

equals -(RF/Rs - 1) + -(RF/Rs + 1). This is more than twice the gain of the common emitter

amplifier alone. Because the noise of Q1 and P8ias have been canceled the noise figure is

dominated by the second amplifier (the noise from the summer is divided by the gain of the first

stage when referred to the input, hence it is insignificant).

The topology from Figure 6 can be modified to include this noise canceling principle by

connecting the base of transistor Q2 to VIN and adding a current source (Ie2) at the output for an

extra degree of freedom when selecting transistor transconductance values. The topology for

the second stage can now be seen in Figure 8(a) where Vx (previously named YOUTh) is the

output of the first stage and Vw is the input to the shunt feedback common emitter amplifier

(previously named VIN).

Vw

Q3

V× ~

Q2

~ V=2

~]m2*V~2 ro2

Amplifier~Summer Schematic (a) & Small Signal Model (b)

VOUT

ro-IB2

1"1



The output impedance is given by equation 11 where rb has been ignored due to its low value

compared to r,; and the output resistances of Q2, Q3 and 1~2 are ignored due to their large value

as compared to 1/g,~. Note that r,~ is equal to,

1 fl 1 fl
- ouT - II - {11}

gin3 g,n3 g~n3 fl + 1

Since/3 is typically in the range of 50-200, the output impedance can be expressed as 1/grn3.

The gain from the input of transistor Q2 to the output is derived from equation 12 (KCL at the

output with Vx shorted to AC ground). If it is assumed that rb is much smaller than r~,/3 is large

(i.e. r~3 >> 1/gm3) and 1/gm3 is much smaller than the parallel combination of ro2, r03 and ro-~e~ the

gain reduces to -grn~gm~. This is an intuitive answer as the gain of a common emitter amplifier is

equal to -gr,*RouT and RouT = 1/gr,3 from equation 11.

, [ /’b3
-- 1/--gm3VOuT g.~ vre

l’b3 d-

Vo VoGr~ -I"
F v° + v° -t

r~ + r.~ rb3 + r.3 r02 r03 ro_~~
{12}

In order to set the gain to be equal to -A as derived by the analysis of figure 7, the ratio gn~g,~3

is set to be equal to A. This is accomplished by sizing transistor Q2 to A’Q1 such that it pulls A

times the current. This can be done by either increasing the emitter width or by connecting A

transistors in parallel. This second method was used for better matching during layout. The

current source/B~ robs current from Q3, Iowedng it’s g,~3 and simultaneously helps in matching to

the output impedance.
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