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Figure 4.121 Duol·band RX. 

an SNR of 20 dB is requ ired for the signal to be detected properly. The Weaver 
architecture provide-s an image rejection ratio of 45 dB. 

(a) Suppose the receiver must detect a - 85·dBm signal in the 2.4·GHz mode 
while receiving at the same antenna a - lO·dBm 5.2-GHz component as well. 
Determine the amount of rejection required of BPF1 at5.2GHz. 

(b) Suppose the receiver operates in the 5.2-GHz band but it also picks up a strong 
component at 7.2GHz. It is possible for this component to be mixed with the 
third harmonics of L01 and L02 and appear in the baseband. Does the Weaver 
architecture prohibit this phenomenon? Explain in detail. 

4 .28. Consider the single· sideband mixer shown in Fig. 4.122. In the ideal case, the output 
bas only one component at w 1 + w2. Now suppose the ports sensing w2 suffer from 
third- and fifth-order nonlineari ty. Plot the output spectrum if (a) w, > 3w2 or (b) 
w1 < 3w2. Identify the frequency of each component. 

Figure 4.122 SSB mixet: 

4.29. Explain why injection pulling is more serious in Fig. 4.ll4(b) than in Fig. 4 .ll4(a). 

CHAPTER 

5 
LOW-NOISE AMPLIFIERS 

Following our system- and arch itectw·e·level studies in previous chapters, we move farther 
down to the circuit level in this and subsequent chapters. Beginning with the receive path, 
we describe the design of low·noise amplifiers. While our focus is on CMOS implementa
tions, most of the concepts can be app lied to other technologies as wel l. The outline of the 
chapter is shown below. 

Basic LNA Topologies 

• CS Stage with Inductive Load 
• CS Stage with Resistive Feedback 
• CG Stage 
• CS Stage with Inductive 

Degeneration 

Alternative LNA 
Topologies Nonlinearity of LNAs 

• Variants of CS LNA • Nonlinearity Calculations 
• Noise- Cancelling LNAs • Differential and Quasi- Differential 
• Differential LNAs LNAs 

5.1 GENERAL CONSIDERATIONS 

As the first active stage of receivers, LNAs play a critical role in the overall performance 
and their design is governed by the following parameters. 

Noise Figure The noise figure of the LNA directly adds to that of the receiver. For a 
typical RX noise figure of 6 to 8 dB, it is expected that the antenna switch or duplexer 
contributes about 0.5 to 1.5 dB, the LNA about 2 to 3 dB, and the remainder of the chain 
about 2.5 to 3.5 dB. While these values provide a good starting point in the receiver design, 
the exact partitioning of the noise is flexible and depends on the performance of each stage 
in the chain. In modern RF electronics, we rarely design an LNA in isolation. Rather, we 
view and design the RF chain as one entity, performing many iterations among the stages. 

To gain a better feel for a noise figure of 2dB, consider the simple example in 
Fig. 5.1 (a), where the noise of the LN A is represented by only a voltage source. Rearranging 
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Figure 5.1 (o) LNA wilh input-referred noise t•olruge. (b) simplified circuir. 

the input network as shown in Fig. 5.1 (b), we have from Chapter 2 

r 1 NF = n.our . __ _ 

A~ 4kTRs 

v2 
= I + u,m 

4kTR5 

(5.1) 

(5.2) 

Thus, a noise figure of 2dB with respect to a source impedance of 50 Q translates to 

~ = 0.696 nY ;.JHZ, an extremely low value. For the gate-referred thermal noise volt

age of a MOSFET, 4kT yfg.,., to reach this value, the g.,. must be as high as (29 Q)- 1 (if 
y = 1). In this chapter, we assume Rs =50 Q . 

Example 5.1 

A student lays out an LNA and connects its input to a pad through a metal line 200 JJ.fll long. 
In order to minimi<~:e the input capacitance, the student chooses a width of 0.5 JJ.m for the 
line. Assuming a noise figure of2 dB for the LNA and a sheet resistance of 40 mr.!/0 for 
the metal li ne, determine the overall noise figure. Neglect the input-referred noise curren t 
of the LNA. 

Solution: 

We draw the equivalent circuit as shown in Fig. 5.2. pretending that the line resistance. RL, 
is part of the LNA. The total input-referred noise vol tage of the circuit inside the box is 

; Metal 
! Line 
...... ..... ..... .... ........... ..... ..... ...... 

Figure 5.2 LNA wirh metal resistance in series wirh its input. 
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Example 5.1 (Continued) 

therefore equal to V2 . + 4kTRL. We thus write n,1n 

v;;;; + 4kTRL 
NF,0 , = I + 

4kTRs 

v2 R 
= I + "·"' + ~ 

4kTRs Rs 

(5 .3) 

(5.4) 

RL 
= NFLNA + - , (5.5) 

Rs 

where NFLNA denotes the noise figure of the LNA without the line res istance. Since 
NFu-;A = 2 dB= 1.58 and RL = (200/0.5) X 40 mr.! /0 = 16 Q, we have 

NF101 = 2.79 dB. (5.6) 

The point here is that even small amounts of line or gate resistance can raise the noise figure 
of LNAs considerably. 

The low noise required of LNAs limits the choice of the circuit topology. This often 
means that only one lransis/Or-usually the input device-can be the dominant contributor 
to NF, thus ruling out configurations such as emitter or source followers . 

Gain The gain of the LNA must be large enough to minimize the noise contribution of 
subsequent stages, specifically, the downconversion mixer(s). As described in Chapter 2, 
the choice of th is gain leads to a compromise between the noise figure and the linear
ity of the receiver as a higher gain makes the nonlinearity of the subsequent stages more 
pronounced. In modem RF design, the LNA d irectly drives the downconversion mixer(s) 
with no impedance matching between the two. Thus, it is more meaningful and s impler to 
perform the chain calculations in terms of the vol tage gain- rather than power gain- of 
the LNA. 

It is important to note that the noise and IP3 of the stage followi ng the LNA are divided 
by dijj'erent LNA gains. Consider the LNA/mixer cascade shown in Fig. 5.3(a), where tbe 

input-referred noise voltages are denoted by v_;,LNA and V~_ mixer and input noise currents 

~ 
- 2 -

Vn,LNA 
- + 

Ia) 

~V~out 

t 
LO 

............................. 
: (.(1 ! 
: .......----,--. : 

Rs : ~ [:>~ ' ~-2 ... . . • v 9 "' : : ....... 
V;n : i L ......................... L t 

'= Rin LO 

(b\ 

Figure 5.3 Appropriure choice ofguin for referring (o) noise and (b) IP3 of o mixer 10 LNA inpw. 



258 Chap. 5. Low-Noise Amplifiers 

are neglected. Assuming a unity vo ltage gain for the mixer for simplicity, we write the total 

output noise as A:1 ( v,;.LNA + 4kTRs) + V~.mix· The overall noise figure is thus equal to 

, 2 --, --
NF _ A~ 1 (Vn.LNA + 4kTRs) + V;;.m.x I 

101
- A2 4kTR 

vl S 

(5.7) 

y2 . I 
- N F + ... miJi 
- LNA """A2. ~kTR 

vi S 
(5.8) 

In other words. for NF calculations. the noise of the second stage is divided by the gain 
from the input voltage source to the LNA output. 

Now consider the same cascade repeated in Fig. 5.3(b) with the nonlinearity of the 
LNA expressed as a third-order polynomial. From Chapter 2, we have1 

a2 
I --.-- = -~- + ~,....!.--

lPLol IP~.LNA t:Pj.mixer . 
(5.9) 

In this case, a 1 denotes the voltage gain from the input of the LNA to its output. With input 
matching, we haveR;, = Rs and Ci t = 2Avl · That is, the mixer noise is divided by the lower 
gain and the mixer I P3 by the higher gain-both against the designer's wish. 

Input Return Loss The interface between the antenna and the LNA entails an interesting 
issue that divides analog designers and microwave engineers. Considering the LNA as a 
vollllge amplifier, we may expect that its input impedance must ideally be infinite. From 
the noise point of view, we may precede the LNA wi th a transformation network to obtain 
minimum NF. From the signal power point of view, we may realize conjugate matching 
between the antenna and the LNA. Which one of these choices is preferable? 

We make the following observations. (I) the (off-chip) band-select filter interposed 
between the antenna and the LNA is typically designed and characterized as a high
frequency device and with a standard termination of 50 n. If the load impedance seen by 
the filter (i.e., the LNA input impedance) deviates from 50 Q significantly, then the pass
band and stopband characteristics of the filter may exhibit loss and ripple. (2) Even in the 
absence of such a filter, the antenna itself is designed for a certain real load impedance, suf
fering from uncharacterized loss if its load deviates from the desired real value or contains 
an imaginary component. Antenna/LNA co-design could improve the overall performance 
by allowing even non-conjugate matching. but it must be borne in mind that. if the antenna 
is shared with the tr.tnsmitter. then its impedance must contain a negligible imaginary part 
so lhat it radiates the PA signal. (3) In practice, the antenna signal must travel a consider
able distance on a printed-ci rcuit board before reaching the receiver. Thus, poor matching at 
the RX input leads to s ignificant reflections. an uncbaracterized loss. and possibly voltage 
attenuat ion. For these reasons. the LNA is designed for a 50-0 resistive input impedance. 
Since none of the above concerns apply to the other interfaces within the RX (e.g., between 
the LNA and the mixer or between the LO and the mixer), they are typically designed to 
maximize volwge swings rather than power transfer. 

I. The IM3 components aris ing from second-o1·der terms are neglected. 
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The quality of the input match is expressed by the input .. return loss, .. defined as the 
reflected power divided by the incident power. For a source impedance of Rs. the return 
loss is given by2 

r = I Z;, - Rs 12 
Z;., + Rs 

(5.10) 

where Z;, denote-s the input impedance. An input return loss of - IOdB s ignifies that one
tenth of the power is reflected- a typical ly acceptable value. Figure 5.4 plots conLOurs of 
constant r in the Z;, plane. Each contour is a circle with its center shown. For example, 
Re{Z;,) = 1.22 x 50Q = 61 !land /m{Z;.,) = 0.703 X SOn = 35.2QyieldStt = - IOdB. 
ln Problem 5.1, we derive the equations for these contours. We should remark that, in 
practice, a r of about -15 dB is targeted so as to allow margin for package par-dSitics, etc. 

Stability Unl ike the other circuits in a receiver, the LNA must interface with the "outside 
world," specifically, a poorly-controlled source impedance. For example, if the user of a 
cell phone wraps his/her hand around the antenna, the antenna impedance changes.3 For 
this reason. the L A must remain stable for all source impedances at all frequencies. One 
may think that the LNA must operate properly only in the frequency band of interest and 
not necessarily at other frequencies, but if the LNA begins to oscillate at any frequency, it 
becomes highly nonlinear and its gain is very heavily compressed. 

A parameter often used to characterize the stability of circuits is the .. Stern stability 
factor."' defined as 

K= 
I + l t!.e- 1St 112 -1Sn l2 

21S21 IISt2l 
(5.11) 

2. Note that r is sometimes defined as (Z;., - Rs>I<Z;n + Rs). in which case it i$ expressed in decibels by 
computing 20 log r (rathenhan 10 log r). 

3 . In the presence of a from-end band-select filter, the LNA see~ Mnalle1· changes in the source impedance. 
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where 6. = SuS22 - S12S21. If K > I and 6. < I, then the circuit is unconditionally stable, 
i.e. , it does not oscillate with any combination of source and load impedances. In modern 
RF des ign, on the other hand, the load impedance of the LNA (the input impedance of the 
on-chip mixer) is relatively well-controlled, making K a pessimistic measure of stabil ity. 
Also, since the LNA output is typically not matched to the input of the mixer, Szz is not a 
meaningful quantity in such an environment. 

A cascade stage exhibits a high reverse isolation, i.e., S12 ::::: 0 . If the output impedance is 
relatively high so that S22 ::::: I, determine the stabi lity conditions. 

Solut ion: 

With S12 ""0 and S22 ::::: 1, 

(5.1 2) 

and hence 

(5.13) 

In other words, the forward gain must not exceed a certain value. For 6. < I , we have 

S11 <I, (5.14) 

concluding that the input resistance must remain positive. 

The above example suggests that LNAs can be stabi lized by maximizing their reverse 
isolation. As explained in Section 5.3, this point leads to two robust LNA topologies that 
are naturally stable and hence can be optimized for other aspects of their performance with 
no stabil ity concerns. A high reverse isolation is also necessary for suppressing the LO 
leakage to the input of the LNA. 

LNAs may become unstable due to ground and supply parasitic inductances resulting 
from the packaging (and, at frequencies of tens of gigahertz, the on-chip line inductances). 
For example, if the gate terminal of a common-gate transistor sees a large series inductance, 
the circuit may suffer from substantial feedback from the output to the input and become 
unstable at some frequency. For this reason, precautions in the design and layout as well as 
accurate package modeling are essential. 

Linearity In most applications, the LNA does not limit the l inearity of the receiver. 
Owing to the cumulative gain tbrougb the RX chain, tbe Iauer stages, e.g., the baseband 
amplifiers or fi lters tend to limit the overall input IP3 or P ttiB· We therefore des ign and 
optimize LNAs wi th little conc.ern for their linearity. 

An exception to the above rule arises in "full-duplex" systems, i.e. , applications that 
transmit and receive simultaneously (and hence incorporate FOO). Exemplified by the 
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Figure 5.5 TX leakage to RX in a full-duplex system. 
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COMA systems studied in Chapter 3, full-duplex operation must deal with the leakage 
of the strong transmitted signal to the receiver. To understand this issue, let us consider the 
front end shown in Fig. 5.5, where a duplexer separates the TX and RX bands. Modeling 
the duplexer as a three-port network, we note that S31 and S21 represent the losses in the RX 
and TX paths, respectively, and are about I to 2 dB. Unfortunately, leakages through the fil
ter and the package yield a finite isolation between ports 2 and 3, as characterized by an S32 
of about -50 dB. In other words, if the PA produces an average output power of + 30 dBm 
(I W), then the LNA experiences a signal level of - 20 dBm in the TX band while sensing 
a much smaller received signal. Since the TX signal exhibits a variable envelope, ilS peak 
level may be about 2 dB higher. Thus, the receiver must remain uncompressed for an input 
level of -18dBm. We must therefore choose a P l(/8 of about -15 dBm to allow some 
margm. 

Such a value for P1 t18 may prove difficult to realize in a receiver. With an LNA gain of 
15 to 20dB, an input of - 15dBm yields an output ofO to + 5dBm (632 to 1124mV,,), 
possibly compressing the LNA at its output. The LNA linearity is therefore cri tical. Simi
larly, the 1-dB compression point of the downconversion mixer(s) must reach 0 to + 5 dBm. 
(The corresponding mixer IP3 is roughly + 10 to + 15 dBm.) Thus, the mixer design also 
becomes challenging. For this reason, some COMA receivers interpose an off-chip fi lter 
between the LNA and the mixer(s) so as to remove the TX leakage [l ]. 

The linearity of the LNA also becomes cri tical in wide band receivers that may sense a 
large number of strong interferers. Examples include "ultra-wideband" (UBW), "software
defined," and "cognitive" radios. 

Bandwidth The LNA must provide a relatively flat response for the frequency range of 
in terest, preferably wi th less than I dB of gain variation. The LNA - 3-dB bandwidth must 
therefore be substantially larger than the actual band so that the roll-off at the edges remains 
be low 1 dB. 
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ln order to quantify the difficulty in achieving the necessary bandwidth in a circuit, 
we often refer to its "fractional bandwidth," defined as the total - 3-dB bandwidth d ivided 
by the center frequency of the band. For example, an 802. 11 g LNA requires a fractional 
bandwidth greater than 80 MHz/2.44 GHz = 0.0328. 

Example 5.3 

An 802.lla LNA must achieve a -3-dB bandwidth from 5GHz to 6GHz. If the LNA 
incorporates a second-order LC tank as its load, what is the ma,'<.imum allowable tank Q? 

Solution: 

As illustrated in Fig. 5.6, the fractional bandwidth of an LC tank is equal to I:!J.w/wo = 1/Q. 
Thus. the Q of the tank must remain less than 5 .5 GH~/ 1 GHz = 5.5. 

lz<rol l 

(J) 

Figure 5.6 Relationship between bandwidth and Q of a tank. 

LNA desig ns that must achieve a relatively large fractional bandwidth may employ 
a mechanism to switch the center freq uency of operation. Depicted in Fig. 5.7(a) is an 

......... .................. .. I z <rol I 

z 

11 : 
-r c2 . 

· o.i; · · ··· · · ·· · · · ·· · · · ·· · · · ·· · ·! 

(J) 

(a) (b) 

Figure 5.7 (a) Band switching, (b) resulringfrequency respome. 
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example, where an additional capacitor, Cz, can be switched into the tank, thereby chang
ing the center frequency from Wt = 1 I $ICI to wz = I j ,J Lt (C1 + C2) [Fig. 5.7(b)). We 
return to this concept in Section 5.5. 

Power Dissip ation The LNA typically exhibits a d irect trade-off among noise, li nearity, 
and power dissipation. Nonethele-ss, in most receiver designs, the LNA consumes only 
a small fraction of the overall power. ln other words, the ci.rcuit's noi se figure generally 
proves much more critical than its power dissipation. 

5.2 PROBLEM OF INPUT MATCHING 

As explained in Section 5.1 , LNAs are typically designed to provide a 50-Q input resistance 
and negligible input reactance. This requirement limits the choice of LNA topolog ies . In 
other words, we cannot begin with an arbitrary configuration, design it for a cer tain noise 
figure and gain, and then decide bow to create input matching. 

Let us first consider the s imple common-source stage shown in Fig. 5.8, where Cp 
represents the gate-drain overlap capacitance. A t very low frequencies, Ro is much smaller 
than the impedances of CF and CL and the input impedance is roughly equal to [(Ccs + 
CF)s]- 1. At very high frequencies, CF shorts the gate and drain terminals of M 1, yielding 
an input resistance equal to Roll(l /g111) . More generally, the reader can prove that the real 
and imaginary parts of the input admittance are, respectively, equal to 

(5.15) 

(5 .16) 

Is it possible to select the circuit parameters so as to obtain Re{ Y;11 ) = l /(50 Q)? For exam
ple, if Cp = IOtF, CL = 30tF, g111Ro = 4 , and Ro = 100 Q , then Re{Y;11 ) = (7.8 kQ)- 1 at 
5 GHz, far from (50 Q)- 1• This is because Cp introduces little feedback at this frequency. 

Figure 5.8 Input admiuance of a CS srage. 
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Example 5.4 

Why did we compute the input admittance rather than the input impedance for the circuit 
of Fig. 5.8. 

Solution: 

The choice of one over the other is somewhat arbitrary. In some c ircuits, it is simpler to 
compute Y;11 • Also, if the input capacitance is cancelled by a parallel inductor, then /m{ Y;11 l 
is more relevant. Similarly, a series inductor would cancel /m{Z,:,,}. We return to these 
concepts later in this chapter. 

Can we employ simple resistive termination at the input? Illustrated in Fig. 5.9(a), 
such a topology is designed in three steps: (I) M t and Ro provide the required noise figure 
and gain, (2) Rp is placed in parallel with the input to provide Re{Z;11 } =50 Q, and (3) 
an inductor is interposed between Rs and tbe input to cancel /m{Z;n} . Unfortunately, as 
explained in Chapter 2, the termination resistor it~elf yields a noise figure of ·1 + Rs/ Rp. To 
calculate the noise figure at low frequencies, we can utilize Friis' equation4 or simply treat 
the entire LNA as one ci1·cuit and, from Fig. 5.9(b), express the total output noise as 

v;.our = 4kT(Rsii Rp)(g111 Ro)2 + 4kTyg,Rb + 4kTRo, (5.17) 

where channel-length modulation is neglected. Since the voltage gain from V;, to V0111 in 
Fig. 5.9(a) is equal to -(Rpf(Rp + Rs))gmRo, the noise figure is given by 

NF= 1 + Rs + yRs 
Rp 8m(Rsii Rp)2 

(5.18) 
Rs 

+ ? 2 . 
g;;,(Rsii Rp) Rv 

For Rr "" Rs, the NF exceeds 3 dB- perhaps substantially. 
The key point in the foregoing study is that the LNA must provide a 50-Q input resis

tance witholll the thermal noise of a physical 50-f.! resistor. This becomes possible with the 
aid of active devices. 

(a) 

-2-.__,.._-0 vn,out 

..,,.,,.,,r. ' ' 
(b) 

Figure 5.9 (a) Use of resistive rerminationfor marching, (b) simplified circuir. 

4. That is, consider Rp as one stage and the CS amplifier as anorher. 
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Example 5.5 

A student decides to defy the above observation by choosing a large Rp and transforming 
it~ value down to Rs. The resulting circuit is shown in Fig. 5.1 O(a), where C1 represents 
the input capacitance of M 1• (The input resistance of M 1 is neglected.) Can this topology 
achieve a noise figure less than 3 dB? 

4kTRp 

(c) 

(a) 

-.
Vn,out 

Rp 

(b) 

Passive 
Reciprocal Network 

Rs f ·· ·;::::::::::.~········ ····; 

..... ~J ; H(s) i. ..... 
4kTRs( Lr .. <;• 1 L .......... i += Rpl 

:::·· Rs L. .................. ~::~ .... l 

(rl) 

~+ 
Rs ~ ! 4kTRs'f-

····· ······· ········· · 

(c) 

Figure 5.10 (a) Use of marching circuit to transform the value of Rp, (b) general represelllation 
of (u), (c) inclusion of noise of Rp, (d) simplified circuit of (c). (e) simplified circuir 
of(d). 

Solution: 

Consider the more general c ircuit in Fig. 5.10(b), where H(s) represents a lossless network 
similar to Lt and C1 in Fig. 5.1 O(a). Since it is desired that Z;11 = Rs, the power delivered by 
V;11 to the input port of H(s) is equal to (V;11,n11s/2)2 I Rs. This power must also be delivered 
to Rp: 

y2 y2 
m.rms = uuT.nn.f 

4Rs Rr 
(5.19) 

It follows that 

lA 12 = Rp . 
v 4Rs 

(5.20) 

Let us now compute the output noise with the aid of Fig. 5.10(c). The output noise due to 

the noise of Rs is readily obtained from Eq. (5.19) by the substitution Vl,.rm.< = 4kTRs: 

-- Rr 
VJ.ouriRs = 4kTRs · 4Rs 

= kTRp. 

(5.21) 

(5.22) 
(Continues) 
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Example 5.5 (Cominued) 

But, how about the noise of Rp'! We must first determine the value of R0111 • To this end, we 
invoke the following thermodynamics principle: if Rs and Rp are in thennal equi libriwn, 
then the noise power delivered by Rs to Rp must remain equal to the noise power delivered 
by Rp to Rs; otherwise, one heats up and the other cools down. How much is the noise 
delivered toRs by Rp? We draw the circuit as depicted in Fig. S.IO(d) and recall from 
Chapter 2 that a passive rec iprocal network exhibiting a real port impedance of Rs also 
produces a thermal noise of 4kTRs. From the equivalent circui t shown in Fig. 5.1 O(e), we 
note that the noise power delivered to the Rs on the left is equal to kT. Equating this value 
to the noise delivered by Rp to R0111 in Fig. 5.1 O(c). we write 

4kTRr 0111 
· -- = kT ( 

R )
2 

1 
Rout + Rp Rout 

(5.23) 

and hence 
Rout = Rp. (5.24) 

That is, if R;11 = Rs, then Rout = Rr. The output noise due toRr is therefore g iven by 

(5.25) 

Summing (5.22) and (5.25) and dividing the result by (5.20) and 4kTRs, we arrive at the 
noise figure of the circui t (excluding M1 ): 

NF= 2. (5.26) 

Unfortunately, the student has attempted to defy the laws of physics. 

In summary, proper input (conjugate) matching of LNAs requires certain circuit tech
niques that yield a real part of 50 Q in the input impedance without the noise of a 50-Q 
resistor. We study such techniques in the next section. 

5.3 LNA TOPOLOGIES 

Our prel iminary studies thus far suggest that the noise figure, input matching, and gain 
constitute the principal targets in LNA design. In this section, we present a nwnber of LNA 
topologies and analyze their behavior with respect to these targets. Table 5.1 provides an 
overview of these topologies. 

5 .3.1 Common-Source Stage with Induct ive Load 

As noted in Section 5.1 , a CS stage with resistive load (Fig. 5.8) proves inadequate because 
it does not provide proper mat.ching. Furthermore, the output. node time constant may pro
hibit operation at high frequencies. ln general, the trade-off between the voltage gain and 
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Table 5.1 Overview of LNA IOf10iogies. 

Common-Source Stage Common-Gate Stage Broadband Topologies 
with with 

• Inductive Load • Inductive Load • Noise-Cancelling LNAs 

• Resistive Feedback • Feedback • Reactance-Cancelling LNAs 

• Cascode, • Feedforward 
Inductive Load, 
Inductive Degeneration • Cascode and 

Inductive Load 

the supply voltage in this circuit makes it Jess attractive as the latter scales down with 
technology. For example, at low frequencies, 

IAvl = gmRv (5.27) 

2/o VRv 
(5.28) = · --

Vcs - VrH lo 
2VRv 

(5.29) = 
Vcs- Vm 

, 

where VRD denotes the de voltage drop across Ro and is limited by Voo . With channel
length modulation, the gain is even lower. 

In order to circumvent the trade-off expressed by Eq. (5.29) and also operate at higher 
freq uencies, the CS stage can incorporate an inductive load. Ulustrated in Fig. S.ll(a), 
such a topology operates with very low supply voltages because the inductor sustains a 
smaller de voltage drop than a resistor does. (For an ideal inductor, the de drop is zero.) 
Moreover, Lt resonates wi th the total capacitance at the output node, affording a much 
higher operation frequency than does the resistively-loaded counterpart of Fig. 5.8. 

Zr 
I X : ·······················: 

,_ .......... _~· J;::~.l:: .. i'· i 
M , -:: : -:: 

:. ........... .... ....... : 
(a) (c) 

Figure 5.11 (a) Inductively-loaded CS stage. (b) input impedance in the presence of CF. 
(c) equivalent circuit. 

How about the input matching? We consider the more complete circuit shown in 
Fig. 5.11 (b), where CF denotes the gate-drain overlap capacitance. Ignoring the gate-source 
capacitance of M1 for now, we wish to compute 2;11 • We redraw the circuit as depicted in 
Fig. S.ll(c) and note that the current flowing through the output parallel tank is equal to 
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lx- g111 Vx . In this case, the inductor loss is modeled by a series resistance, Rs, because this 
resistance varies much Jess with frequency than the equivalent parallel resistance does.5 

The tank impedance is given by 

(5.30) 

and the tank voltage by (/x - g111 Vx)Zr . Adding tbe voltage drop across Cp to the tank 
vol tage, we have 

l x 
Vx = - + Ux- g ... Vx)Zr . 

Cps 

Substitution of Zr from (5.30) gives 

For s = jw, 

Vx L t (Ct + Cp)s2 + Rs(Ct + Cp)s + 1 
Z;,.(S) = - = ,....,.--..,--..,.---,--..,-----,----.,------:--..,-::--

lx [Lt Ct s2 + (RsCt + gmLt )s + I + gm Rs)Cps . 

I - L1 (Ct + Cp)w2 +iRs(Ct + Cp)w 
Z;n (iw) = --,--,---...::....:.-"-----'--,--;:__'-'-_;;,__----;;-2----,-- · 

[-(Rs Ct + g ... L,)w + j(gmRs- L,Ctw + l)JCFW 

(5.31) 

(5.32) 

(5.33) 

Since the real part of a complex fraction (a + jb)j(c + jd) is equal to (ac + bd)j(c2 + d2), 

we have 

Re{Z;n} = 

[I- L,(Ct + Cp)w2 ][-(RsCL + gmL ,)w) + Rs(Ct + Cp)(g,.Rs- LtCtw2 + l )w2 

D 
(5.34) 

where D is a positive quantity. It is thus possible to select the values so as to obtain 
Re{Z;,.J =50 n. 

While providing the possibility of Re{Z;,.} = 50 Q at the frequency of interest, the 
feedback capaci tance in Fig. 5.11 (b) gives rise to a negative input resistance at other 
frequencies, potentially causing instability. To investigate this point, let us rewrite 
Eq. (5.34) as 

We note that the numerator falls to zero at a frequency given by 

2 RsCt + gmLI - (1 + gmRs)Rs(Ct + CF) 
£1)1= 

g.,Li(CJ + Cp) 
(5.36) 

5. 1=-or example. if Rs simply represems the low-frequency resistance of the wire. its value remains con
scant and Q = LwJRs rises linearly with frequency. For a ~arallel resistance. Rp, co allow such a behavior 
for Q = Rpj(Lw), the resistance muse rise in proprocion co w- rather than remain constant. 
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Thus, at this frequency (if it exists), Re{Z;,.) changes sign. For example, if Cp = lOfF. 
C 1 = 30 tF, 8m = (20 Q)- 1, Lt = 5 nH, and Rs = 20 Q, then g.,L t dominates in the 
numerator,yieldingwf"" (Lt(Ct + Cp))- 1 andhencew1 ""2JT X (11.3GHz). 

It is possible to "neutral ize" the effect of CF i.n some frequency range through the use 
of parallel resonance (Fig. 5.12), bu t, s ince Cp is relatively small, L~· must assume a large 
value, thereby introducing significant parasitic capacitances at the input and output (and 
even between the input and output) and degrading the performance. For these reasons, this 
topology is rarely used in modern RF des ign. 

Figure 5.12 Neutralization of Cf· by Lf·. 

5.3.2 Common-Source Stage with Resistive Feedback 

If the frequency of operation remains an order of magnitude lower than thefT of the tran
sistor, the feedback CS stage depicted in Fig. 5.l3(a) may be considered as a possible 
candidate. Here, M2 operates as a current source and Rp senses the output voltage and 
returns a current to the input. We wish to de.sign th is stage for an input resistance equal to 
Rs and a relatively low noise figure. 

If channel-length modulation is neglected, we have from Fig. 5.13(b), 

(a) 

I 
R;u = -

8m1 

(b) 

Figure 5.13 (a) CS stage with resisti••e feedback, (b) simplified circuit. 

(5.37) 
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because Rp is simply in series with an ideal current source and M, appears as a diode
connected device. We must therefore choose 

8ml = Rs · (5.38) 

Figure 5.13(b) also implies that the small-signal drain current of M,, g,., Vx, entirely flows 
through Rp, generating a voltage drop of 8ml VxRp . It follows that 

and hence 

Vx - 8ml Vx RF = Vollf 

V OII/ 
- = 1 -g t RF V m 

X 

Rp 
= 1 - 

Rs 

(5.39) 

(5.40) 

(5.41) 

In practice, Rp » Rs, and the voltage gain from V;, to V0, 1 in Fig. 5. 13(a) is equal to 

A = ~ (1 - Rp) 
v 2 Rs 

Rp 
~ --

Rs' 

(5.42) 

(5.43) 

ln contrast to the resistively-loaded CS stage of Fig. 5.8, this circuit does not suffer from a 
direct trade-off between gain and supply vol tage because Rp carries no bias current. 

Let us determine the noise figure of the circuit, assuming that g,. , = 1/ Rs. We first 
compute the noise contributions of Rp, M, , and M2 at the output. From Fig. 5.14(a), the 
reader can show the noise of Rp appears at the output in its entirety: 

(5.44) 

The noise currents of M 1 and M2 A ow thJOugh the output impedance of the circuit, Rout, as 
shown in Fig. 5.14(b). The reader can prove that 

Rout = [ -
1- (1 + R" ) ] IJ(Rp + Rs) 

Cmi Rs 
(5.45) 

1 
= l (Rp + Rs). (5.46) 

Rs 

1"' 
(a) (b) 

Figure 5.14 Effect of noise of(a) Rp and (b) M, in CS stage. 
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It follows that 

- 2- _ (Rp + Rs)2 

Vn.our lMI .M2 - 4kTy(gml +8m2) 
4 

(5.47) 

The noise of Rs is multiplied by the gain when referred to the output, and the resuJt is 
divided by the gain when referred to the input. We thus have 

(5.48) 

(5.49) 

(5.50) 

For y ~ I , the NF exceed~ 3 dB even if 4Rsf Rp + yg,a Rs « I. 

Express the fourth term on the right-hand side of Eq. (5.50) in terrns of transistOr overdrive 
voltages. 

Solution: 

Since g,. = 2/of(Vcs - VTH), we write g,aRs = 8m2!Cnll and 

8ml IVcs- Vmi2 
(5.5l) 

That is, the fourth term becomes negligible only if the overdrive of the current source 
remains much higher than that of M,-a difficult condition to meet at low supply volt
ages because JVos2l = Vvv - VcS I· We should also remark that heavily velocity-saturated 
MOSFETs have a transconductance given by 8m = Tof(Vcs - VTH) and s till satisfy (5.5 1 ). 

Example 5.7 

In the circuit of Fig. 5.15, the PMOS current source is converted to an "active load," 
amplifying the input signal. The idea is that, if M2 amplifies the input in addition to inject
ing noise to the output, then the noise figure may be lower. Neglecting channel-length 
modulation, calculate the noise figure. (Current source 11 defines the bias current, and C 1 

establ ishes an ac ground at the source of M2.) 

(Continues) 
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Example 5.7 (Cominued) 

Figure 5.15 CS stage with active load. 

Solution: 

For small-signal operation. M 1 and M2 appear in parallel. behaving as a single transistor 
with a transconductance of 8ml +8m2· Thus, for input matching, gm1 +8m2 = l f Rs. The 
noise figure is still given by Eq. (5.49), except that y (g,, + g11a)Rs = y. That is, 

NF"" 1 
4Rs 

+ - +y. 
Rr 

(5.52) 

This c ircuit is therefore superior, but it requires a supply voltage equal to Vas• + IVGS21 + 
Vn, where Vn denotes the voltage headroom necessary for / 1 • 

5.3.3 Common-Gate Stage 

The low input impedance of the common-gate (CG) stage makes it auractive for LNA 
des ign. Since a resistively-loaded stage suffers from the same gain-headroom trade-off as 
its CS counterpart, we consider only a CG circuit wi th inductive loading [Fig. 5.16(a)]. 
Here, L, resonates wi th the total capacitance at the output node (including the input capaci· 
tance of the following s tage), and R, represents the loss of L,. If channel-length modulation 
and body effect are neglected, R;n = If g111 • Thus, the dimensions and bias current of M 1 are 
chosen so a~ to yield gm = I IRs = (50 Q) - I. The voltage gain from X to the output node 
at the output resonance frequency is then equal to 

and hence Vour/V;11 = R, / (2Rs). 

= R, 
Rs 

(5.53) 

(5.54) 

Let us now determine the noise figure of the circuit under the condition g, = 1/Rs and 
at the resonance frequency. Modeling tbe thermal noise of M1 as a voltage source in series 
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Rs 

(a) (b) 

-2-
Vn,out 

Figure 5.16 (a) CG stage, (b) effect of noise of M,. 
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with its gate, V~1 = 4kTy jg, [Fig. 5.16(b)], and multiplying it by the gain from the gate 
of M, to the output, we have 

= 4kTy ( R1 )

2 

gm Rs + _I_ 
g, 

R2 
= kTy - 1

• 

Rs 

(5.55) 

(5.56) 

The output noise due toR, is simply equal to 4kTR,. To obtain the noise ligure, we divide 
the output noise due to M, and R, by the gain and 4kTRs and add unity to the result: 

y Rs ( I )
2 

NF = 1 + -- + - 1 + --
8mRs R , g, Rs 

(5.57) 

Rs 
= l + y + 4- . 

R, 
(5 .58) 

Even if 4Rs/ R 1 « I + y, the NF still reaches 3 dB (with y "" I), a price paid for the con
dition g, = 1/ Rs. In other words, a higher g, yields a lower NF but also a lower input 
resistance. ln Problem 5.8, we sbow that the NF can be lower if some impedance mismatch 
is permitted at the input. 

Example 5.8 

We wish to provide the bias current of the CG stage by a current source or a resistor 
(Fig. 5.17). Compare the additional noise in these two ca~es. 

(Cimlinues) 
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Example 5.!! ( Cominued) 

(a) 

t--<> Vout 

1---<o Vbt 

.,. ~ :: fl-1-~. : 
(b) 

Figure 5.17 CG sTage biasi11g wiTh (a) curre111 source and (b) resistor. 

Solution: 

For a given Vb l and Vcs1. the source voltages of M1 in the two cases are equal and hence 
VoS2 is equal to the voltage drop across Rs ( = Vns). Operating in saturation. M2 requi res 
that V vs2 2:: V cs2 - VrH2. We express the noise current of M2 as 

and that of R n as 

l~.M2 = 4kTyg,.2 

2/v 
= 4kTy , 

Vcs2 - VrH2 

- 4kT 
f;_RB = 

Ra 
fv 

=4kT
VRB 

(5.59) 

(5.60) 

(5.61) 

(5.62) 

S ince VcS2 - VrH2 :::; VRs. the noise contribution of M2 is about twice that of Rs (for 
y "" 1). Additionally, M2 may introduce significant capacitance at the input node . 

...,-----.- Voo 

/1 

Figure 5.18 Proper biasing oj'CG swge. 
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Example 5.!! (Continued) 

The use of a resistor is therefore preferable. so long as Rs is much greater than Rs 
so that it docs not attenuate the input s ignal. Note that the input capacitance due to M 1 

may sti ll be significant. We will return to this issue later. Figure 5.18 shows an example of 
proper biasing in this case. 

In deep-submicron CMOS technologies, channel-length modulation significantly 
impacts the behavior of the CG stage. As shown in Fig. 5. 19, the positive feedback through 
ro raises the input impedance. Since the drain-source current of M1 (without ro) is equal to 
- g111 Vx (if body effect .is neglected), the current flowing through ro is given by 1x - g111 Vx. 
yielding a voltage drop of ro(/x- 8m Vx) across it. Also, l x flows through the output tank, 
producing a voltage of l x R1 at the resonance frequency. Adding this voltage to the drop 
across ro and equating the res ul t to Vx, we obtain 

Vx = ro(lx - g,..Vx) + lx R1. (5.63) 

That is, 
Vx 

(5.64) 
lx I + g,.ro 

If the intrinsic gain, g111ro, is much greater than unity, then Vxflx"" '1/gm + RJ!(gm ro). 
However, in today's technology, g,.ro hardly exceeds 10. Thus, the term RJ!(gm ro) 
may become comparable with or even exceed the term 1/ g11, yielding an input resistance 
substantially higher than 50 Q. 

.----,----.-- V DO 

Figure 5.19 Input impedance of CG stage in the presence of ro. 

Example 5.9 

Neglecting the capacitances of M1 in Fig. 5.19, plot the input impedance as a function of 
frequency. 

(Ccmlinues) 
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Solution: 

At very low or very high frequencies. the tank assumes a low impedance. yielding 
R;" = I I g,. [or I I (gm +8mb) if body effect is considered]. Figure 5.20 depicts the behavior. 

1 
··· ··· · ···· ·· ··· ·( ·· ···· · ···· ·· ·· · 

9m 
4-------~--------

(1)0 

Figure 5.20 htput impedance of CG stage with a resmwnt load. 

With the strong effect of Rt on R;11 , we must equate the actual input resis tance to Rs to 
guarantee input matching: 

Rs = Rt + ro 
I + g111ro 

(5.65) 

The reader can prove that the voltage gain of the CG stage shown in Fig. 5.l6(a) with a 
fini te ro is expressed as 

Vour gm ro + I 
-- - ---=~----R,, 
V;,. ro + gmro Rs + Rs + R, 

which, fTOm Eq. (5.65), reduces to 

gmro + I 

2(1 + ~)" 

(5.66) 

(5.67) 

This is a disturbing result! If ro and R, are comparable, then the voltage gain is on the 
order of g111 ro f4 , a very low value. 

In summary, the input impedance of the CG stage is too low if c hannel-length mod
ulation is neglected and too high if it is not! A number of circuit techniques have been 
introduced to deal with the former case (Section 5.3.5), but in today's technology, we face 
the latter case. 

Ln order to alleviate the above issue, the channel length of the transistor can be 
increased, thus reducing channel-length modulation and raising the achievable g..,ro. S ince 
the device width must also increase proportionally so as to retain the transconductance 
value, the gate-source capacitance of the transistor rises considerably, degrading the input 
return Joss. 
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Voo 

Lt ct Rt 

Vout 

1-- vb2 

Rs 
Rx 

v,. I 
R in 

Figure 5.21 Cuscode CG swge. 

Cascode CG Stage An alternative approach to lowering the input impedance is to incor
porate a cascode dev.i ce as shown in Fig. 5.21. Here, the resistance seen looking into the 
source of Mz is given by Eq. (5.64): 

R1 +rm Rx = _.:.___:c.::.... 

I + gm2r02 
(5.68) 

This load resistance is now transformed to a lower value by M 1, again according to (5.64): 

(5.69) 

If g111ro » 1, then 

I R, 1 
R;n ~ -- + + ---- (5.70) 

gmi g,., ro1gm2ro2 gm 1 ro1gm2 

Since R1 is divided by the product of two intrinsic gains, its effect remains negligible. 
Similarly, the third term is much less than the first if gml and g,.2 are roughly equal. Thus, 
R;, ~ l l gml · 

The addition of the cascode device entails two issues: the noise contribution of Mz and 
the voltage headroom limi tation due to stacking two transistors. To quantify the former, 
we consider the equivalent circuit shown in Fig. 5.22(a), where Rs ( = 1j g111 t) and M1 are 
replaced with an output re.sistance equal to 2rol (why?), and Cx = CvBI + Ccv1 + CsB2· 
For s implicity, we have also replaced the tank with a resistor R1• i.e ., the output node bas a 
broad bandwidth. Neglecting the gate-source capacitance, channel-length modulation, and 
body effect of M2, we express the transfer function from V,z to the output at the resonance 
frequency as 

Vn.Ouf ( ) _ R1 
--- s - -.,.1--....:.....-....,l,-
V,z ( -- + 2ro,) ll-

gm2 Cxs 

2ro1Cxs +I 
= .,--.,-..:..:.-"----gm2R I · 

2ro• Cxs + 2g"aro , + 1 

(5.71) 

(5.72) 



278 Chop. 5. Low-Noise Amplifiers 

1 2 gm2' 01 +1 
2ro, Cx 2ro,Cx 

(a) (b) 

Figure 5.22 (a) Cascade transistor noise, (b) output contribution as ofimction of frequency. 

Figure 5.22(b) plots the frequency response, implying that the noise contribution of M2 

is negligible for freq uencies up to the zero frequency, (lr01 Cx) - I , but begins to mani 
fest itself thereafter. Since Cx is comparable with Ccs and 2r01 » l / g111, we note that 
(2ro ,Cx) - 1 « 8m! Ccs (~ wr). That is, the zero frequency is much lower than thefr of 
the transistors, making this effect potentially significant. 

Example 5.10 

Assuming lro1 » ICxsl- 1 at frequencies of interest so that the degeneration impedance in 
the source of Mz reduces to Cx, recompute the above transfer function while taking CcS2 
into account. Neglect the effect of ro2-

Solution: 

From the equivalent circuit shown in Fig. 5.23, we have 8m2 v, = - V0 111/ R1 and 
hence V, = - VoudC8m2RJ) . The current flowing through CcS2 is therefore equal to 
- Voii/Ccs2sf(gm2RJ) . The sum of th is current and - V0111 j R, flows through Cx. produc
ing a voltage of [ - VourCcS2sf (g,.zRJ) - V011FfRJ] j(Cxs) . Writing a KYL in the input loop 
gives 

(5.73) 

Figure 5.23 CompuTation of gain from the gate ofcascode device TO ouTput. 
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Example 5.10 (Continued) 

and hence 

(5.74) 

At frequencies well below thefr of the transistor, I(CcS2 + Cx)sl «8m2 and 

(5.75) 

That is, the noise of M2 reaches the output unattenuated if (J) is much greater than 
(lro,Cx)- 1 [but much less thangm2/(CcS2 + Cx)J. 

The second issue stemming from the cascode device relates to the limited voltage head· 
room. To quanti fy this limitation, let us determine the required or allowable values of Vb1 

and Vb2 in Fig. 5 .2l. Since the drain voltage of M2 begins at Vov and can swing below 
its gate voltage by as much as VTH2 while keeping M 2 in saturation, we can simply choose 
Vb2 = Vvv. Now, Vx = Vov- Vc;S2, allowing a maximum value of Vov- VcS2 + VTH 1 

for Vb1 if M, must remain saturated. Consequently, the source voltage of M1 cannot exceed 
Vov - Vcs2 - CVcs1 - VrHI ) . We say the two transistors consume a voltage headroom of 
one Vcs plus one overdrive (VcsJ - Vrm) . 

It may appear that, so long as Vvo > VcS2 +(Vest - VrHJ), the circui t can be prop
erly biased, but how about the path from the source of M, to ground? In comparison with 
the CG stages in Fig. 5.17. the cascode topology consumes an additional voltage head
room of Vcs• - VrHI , leaving less for the biasing transistor or resistor and hence raising 
their noise contribution. For example , suppose lv1 = lvz = 2 rnA. Since g,. 1 = (50 Q) -I = 
2/v f (Vcsl - VrHJ), we have VcsJ - VrHl = 200 mY. Also assume VcS2 "" 500 mY. Thus, 
with V ov = I Y, the voltage available for a bias resistor, Rs, tied between the source 
of M, and ground cannot exceed 300 mY / 2 mA = 150 n. This value is comparable with 
Rs = 50 Q and degrades the gain and noise behavior of the circuit considerably. 

In order to avoid the noise-headroom trade-off imposed by R8, and also cancel the 
input capacitance of the circuit, CG stage-s often employ an inductor for the bias path . 
Ulustrated in Fig. 5.24 with proper biasing for the input transistor, this techn ique minimizes 
the additional noise due to the biasing element (Lo) and significantly improves the input 
matching. In modern RF design, both Lo and L, are integrated on the chip. 

Design Procedure Wi th so many devices present in the circuit of Fig. 5.24, how do we 
begin the design? We describe a systematic procedure that provides a "first-order" design, 
which can then be refined and optimized. 

The design procedure begins with two knowns: the frequency of operation and the 
supply voltage. In the first step, the dimensions and bias current of M 1 must be chosen such 
that a transconductance of (50 Q) - I is obtained. T he length of the transistor is set to the 
minimum allowable by the technology, but how should the width and the drain current be 
determined? 

Using circui t s imulations, we plot the transconductance and fT of an NMOS transis
tor with a given width, Wo, as a function of the drain current. For long-channel devices, 
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Figure 5.24 Biasing of cascade CG swge. 

W : W0 
L = Lmin 

08g ...... . 
· m,max 

loo lo 

Figure 5.25 Behavior of g'" und fr as" funcrion of dmin currenr. 

gm <X ,JTij, but submicron transistors suffer from degradation of the mobility with the ver
tical field in the channel, exhibiting the saturation behavior shown in Fig. 5.25. To avoid 
excessive power consumption, we select a bias curren t, Ioo, that provides 80 to 90% of 
the saturated g.,. That is, the combination of Wo and Ioo (the "current density") is nearly 
optimum in terms of speed (transistor capacitances) and power consumption. 

Wi.th Wo and Too known, any other value of transconductance can be obtained by sim
p ly scaling the two proportionally. The reader can prove that if Wo and Ioo scale by a factor 
of a, then so does g111 , regardless of the type and behavior of the transistor. We thus arrive 
at the required dimensions and bias current of M1 (for 1/g,J = 5011), which in turn yield 
its overdrive voltage. 

In the second step, we compute the necessary value of Ls in Fig. 5.24. As shown in 
Fig. 5.26, the input of the circuit sees a pad capaci tance to the substrate.6 Thus, Ls must 
resonate with Cptul + Css1 + Cast and irs own capacitance at the frequency of in terest. 
(Here, Rp models the loss of Ln.) Since the parasitic capacitance of Ls is not known a priori , 
some iteration is required. (The design and modeling of spiral inductors are descri.bed in 
Chapter 7.) 

6. The input may also see additional capacitance due to electrostatic discharge (ESD) protection devices that 
are tied to Voo and ground. 
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Figure 5.26 Ejfecr of pad capaciwnce 011 CG stage. 

Does Ls affect the performance of the c ircuit at resonance? Accompanying Ls is the 
parallel equivalent resistance Rp = QLaw, wh.ich contributes noise and possibly anenuates 
the input signal. Thus, R1, must be at least ten times higher than Rs = 5011. In other words, 
if the total capacitance at the input is so large as to dictate an excessively small inductor 
and Rp, then the noise figure is qu ite high. Tbis si tuation may arise only at frequencies 
approaching thefT of the technology. 

In the third step, the bias of M 1 is defined by means of M B and I Rt::F in Fig. 5.24. For 
example, Wn = 0 .2W1 and IR£F = 0.2/DJ so that the bias branch draws only one-fifth of 
the current of the main branch.7 Capacitor Cs provides a sufliciently low impedance (much 
less than 5011) from the gate of M1 to ground and also bypa%es the noise of Ms and Is 
to ground. The choice of a solid, low-inductance ground is critical here because the high
frequency performance of the CG stage degrades drastically if the impedance seen in serie-s 
with the gate becomes comparable witb Rs. 

Next, the width of Mz in Fig. 5.24 must be chosen (the le ngth is the minimum allowable 
value). With the bias current known (102 = I Dl ), if the width is excessively small, then V GS2 

may be so large as to drive M 1 into the triode region. On the other hand, as W2 increases, 
M2 contributes an increasingly larger capacitance to node X while its gm reaches a nearly 
constant value (why?). Thus, the optimum width of M2 is likely to be near that of M1, and 
that is the initial choice. Simulations can be used to refine this choice, but in practice, even 
a twofold change from this value negligibly affects the performance. 

In order to minimize the capacitance at node X in Fig. 5.24 , transistors M1 and M2 
can be laid out such that the drain area of the former is shared with the sow·ce area of the 
latter. Furthermore, since no other connection is made to this node, the shared area need not 
accommodate contacts and can therefore be minimized. Depicted in Fig. 5.27 and fea~ible 

only if W1 = Wz, such a structure can be expanded to one with mulriple gate fingers. 

Drain 2 w 
~- Ml i• •• ,. 

Source 1 

Figure 5.27 Lllyour of cascade devices. 

7. For proper matching between the two transistors, M 1 incorporates five unit transistors (e.g .. gate fingers) and 
M B one unit Lransistor. 



282 Chap. 5. Low-Noise Amplifiers 

In the last step, the value of the load inductor, L1, must be determined (Fig. 5.24). In a 
manner similar to the choice of LB. we compute Lt such that it resonates with Ccv2 + Cv82. 
the input capacitance of the next stage, and its own capacitance. Since the voltage gain of 
the LNA is proportional to R 1 = QL 1 w, R 1 must be sufficiently large, e.g., 500 to 1000 Q . 

This condition is met in most designs without much difficul ty. 
The design procedure outli.ned above leads to a noise figure around 3 dB [Eq. (5.58)] 

and a voltage gain, V0u1/ V;11 = Rtf (2Rs), of typically 15 to 20 dB. If the gain is too high, 
i.e. , i£ it dictates an unreasonably high mixer IP3, then an explicit resistor can be placed in 
parallel with Rt to obtain the required gain. As studied in Section 5.7, this LNA topology 
displays a h.igh UP3, e.g., + 5 to + IOdBm. 

Design the LNA of Fig. 5.24 for a center frequency of 5.5 GHz in 65-nm CMOS technology. 
Assume the circuit is designed for an II a receiver. 

Solution: 

Figure 5.28 plots the transconductance of an NMOS transistor with W = 10 ttm and L = 60 
nm as a function of the drain current. We select a biascurrentof2 rnA to achieve agm of about 
J 0 mS = l /(J 00 Q). Thus, to obtain an input resistance of 50 Q, we must double the width 
and drain currentS The capaci tance introduced by a 20-ttm transistor at the input is about 
30 fF. To this we add a pad capaci tance of 50 fF and choose Lu = I 0 nH for resonance at 
5.5 GHz. Such an inductor exhibits a parasitic capacitance of roughly 30 fF, requiring that 
a smaller inductance be chosen. but we proceed without this refinement. 

9m 
(mS) 

14.0 
12.0 
10.0 

8.0 
6.0 

0.5 1.0 1.5 2.0 2.5 3.0 lo 
(rnA) 

Figure 5.28 Transcoductcmce of a 10 tun/60 nm NMOS device as a Junction of drain current. 

Next, we choose the width of the cascode device equal to 20 ttm and assume a load 
capacitance of 30 IF (e.g .. the input capacitance of subsequent mixers). This allows the 
use of a 10-nH inductor for the load, too, because the total capacitance at the output node 
amounts to about 75 fF. However, with a Q of about 10 for such an inductor, the LNA 

8. The body effect lowers the input resistance, bur the feedback from the drain to the gate raises ir. We therefore 
neglect both. 
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gain is exessively high and its bandwidth excessively low (failing to cover the II a band). 
For this reason, we place a resistor of 1 kQ in parallel with the tank. Figure 5.29 shows 
the design details and Fig. 5.30 the s imulated characteristics. Note that the inductor loss 

Inductor Model 
:· .. ···················· ··················; 

L1 : 10 nH 30 IF 6.9 k0: 1 k0 

: 170 

20 Jlm 5 Jlm 
60nm M , 60nm 

, ........................................ , 1 pFI ~ 
. . -
:10nH 301F 6.9k0: -
: : 

:. 170 . L ; B 

: •••••••••••••••••••••••••••••••••••••••• .! 

Figure 5.29 CG LNA example. 
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Figure 5.30 Simulated clwractersitics of CG LNA e.mmp/e. 

(Conrinues) 
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Example 5.11 (Continued) 

is modeled by series and parallel resistances so as to obtain a broadband representation 
(Chapter 7). 

The simulation results reveal a relatively flat noise figure and gain from 5 to 6 GHz. 
The input return loss remains below -I 8 dB for this range even though we did not refine 
the choice of LB. 

5.3.4 Cascode CS Stage with Inductive Degeneration 

Our study of the CS stage of Fig. 5.1l(a) indicates that the feedback through the gate· 
drain capacitance many be exploited to produce tbe required real pan. but it also leads to a 
negative resistance at lower frequencies. We must therefore seek a topology in which the 
input is " isolated" from the inductive load and the input resistance is established by means 
other than Ceo-

Let us first develop the latter concept. As mentioned in Section 5.2, we must employ 
active devices to provide a 50-Q input resistance without the noise of a 50-Q resistor. One 
such method employs a CS stage with inductive degeneration, a~ shown in Fig. 5.31 (a). We 
first compute the input impedance of the circuit while neglecting Ceo and Cso.9 Flowing 
enti1·ely through CcsJ, lx generates a gate-source voltage of Ixf (Ccs Js) and hence a drain 
current of g111/x / (CcsJs) . The-se two currents flow through L1, producing a voltage 

V = (/ + 8mlx ) L . P X JS. 
Cests 

Since Vx = Ves 1 + Vp, we have 

Vx I 8mLt 
- = -- + LtS + --. 
Ix Ccs1s Ccs1 

(5.76) 

(5.77) 

.Interestingly, tbe input impedance contains a frequency-independent real part given by 
gmLJ / Ccs1. Thus, tbe third term can be chosen equal to 50 Q. 

Bond Wire 

Chip 

Package Ground Plane 

(a) (b) 

Figure 5.31 (a) Input impedance of inductively·degenemred CS swge. (b) use of bond wire for 
degeneration. 

9. We also neglect channel-length modulation and body effect. 
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The third term in Eq. (5.77) carries a profound meaning: sincegm/ Cest "'<wr ( = 2rrfr). 
the input resistance is approximately equal to Ltwr and directly related to the fr 
of the transistor. For example, in 65-nm technology, wr::,; 2rr X ( 160 GHz), dictating 
L1 ::,; 50 pH(!) for a real part of 50 Q. 

In practice, the degeneration inductor is often realized as a bond wire with the reason
ing that the latter is inevitable in packaging and must be incorporated in the design. To 
minimize the inductance, a "downbond" can directly connect the source pad to a ground 
plane in the package [Fig. 5.3l(b)]. but even tb.is geometry yields a value .in the range of 
0.5 to I nH- far from the 50-pH amount calculated above! That is, tbe input resi.stance 
provided by modern MOSFETs tends to be substantially higher than 50 Q if a bond wire 
inductance is used. 10 

How do we obtain a 50-Q resistance with Lt ::,; 0.5 nH? At operation frequencies far 
be low fT of the transistor, we can reduce the fT. This is accomplished by increasing the 
channel length or simply placing an explicit capacitor in parallel with Ccs. For example, if 
Lt = 0 .5 nH, thenfr must be lowered to about 16 GHz. 

Detennine the input impedance of the circuit shown in Fig. 5.32(a) if Ceo is not neglected 
and the drain is tied to a load resistance R1. Assume R, ::,; 1/ g111 (as in a cascode). 

CGo 

lx 

J CGs Vx 
Z ln 

-: 

-: 
(a) 

Voo 

R1 

p 

L1 

Vx 

-: 

(b) 

g v1 m 

Figure 5.32 (a) Ill pur impedance of CS stage i11the prese11ce of Coo. (b) equivale11t circuir. 

Solution: 

From the equivalent circuit depicted in Fig. 5.32(b), we note the current Howing through 
L1 is equal to V1 Cess + g., V1 and hence 

(5.78) 

(Conrinues) 

10. This is a •·are case in which the transistol' is too fast! 
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Example 5.12 (ConTinued) 

Also, the current A owing through R, is equal to lx - V1 Cess- g111 V1, leading to 

Substituting for v, from (5.78), we have 

(5.80) 

If R, "'=' l fgm « ICevsl - 1 and Ces/Ccv dominates in the denonlinator, (5.80) reduces to 

Vx ( 1 gmL1) [ 2Ccv ? ( Ceo) ] - "'=' --. + L1s + -- I - -- - L ,Ccos-- R1Cco + gmLI -- s 
lx Cess Ccs Ccs Ccs 

(5.81) 

Assunling that the first two tenns in the square brackets are dominant, we conclude that the 
input resistance falls by a factor of I - 2Ccv/Ces. 

Effect of Pad Capacitance In addition to Ceo, the input pad capaci tance of the circui t 
also lowers the input resistance. To formulate this effect, we construct the equivalent ciJ·
cuit shown in Fig. 5.33(a), where Ccs1, L,, and R, represent the three terms in Eq. (5.77), 
respectively. Denoting the series combinationjL1w - }/(Ccs1w) by jX1 and - jj(CpadW) 
by }X2. we first transform jX, + R, to a parallel combination [Fig. 5.33(b)]. From 
Chapter 2, 

(5.82) 

0 

(a) (b) (c) 

Figure 5.33 (a) Equivalent cirwitfor inclusion ofpad capaciTance, (b) simplified circuiT of(a). (c) 
simplified circuiT of(b). 
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We now merge the two parallel reactance-s into }X1X2/(X, + X2) and transform the resulting 
circuit to a series combi.nation [Fig. 5.33(c)]. wbere 

R,q = ( x,x2 )
2 

1 
x, + x2 Rp 

(5.83) 

( 
x, )2 

= - RJ . 
X, +X2 

(5.84) 

In most cases, we can assume L, w « l /(Ccs1w) + l /(CpadW) at the frequency of interest, 
obtaining 

(5.85) 

For example, if Ccs1 :=::: Ct><u/, then the input resistance falls by a factor of four. 
We can now make two observations. First, the effect of the gate-drain and pad capac

itance suggests that the transistor fT need not be reduced so much as to create R1 = 50 Q. 
Second, since the degeneration inductance necessary for Re{Z;n } = 50 Q is insufficient to 
resonate with Ccs1 + Cpad. another inductor must be placed in series with the gate as shown 
in Fig. 5.34, where it is assumed Lc is off-chip. 

Figure 5.34 Addition of Lo for input matching. 

Example 5.13 

A 5-GHz LNA requires a value of 2 nH for Lc. Discuss what happens if Lc is integrated 
on the chip and its Q docs not exceed 5. 

Solution: 

With Q = 5, Lc suffers from a series resistance equal to Lcw/Q = 12.6Q. This value 
is not much less than 50 Q, degrading the noise figure considerably. For this reason, Lc is 
typically placed off-chip. 

NF Calculation Let us now compute the noise figure of the CS circuit, excluding the 
effect of channel-length modulation, body effect, C00 , and CpM for s implici ty (Fig. 5.35). 
The noise of M, is represented by I, , . For now, we assume the output of intere-st is the 
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Figure 5.35 l:.quiw1fem cirmit for computation ofNF. 

current 10 111 • We have 

(5.86) 

Also, since L1 sustains a voltage of L1s(T0111 + V1 Ccs1s), a KVL around the input loop 
yields 

(5.87) 

Substituting for V1 from (5.86) gives 

. _ L (LI + Lc)Ccsis2 + I + RsCcs1s( _ ) 
Vm - l ow 1 S + foul l nl . 

8m 
(5.88) 

The input network is des igned to resonate at the frequency ofintere.st, wo. That is, (LI + Lc) 
Ccs1 = w02 and hence, (L1 + Lc )Ccs1s2 + 1 = 0 at s = Jwo. We therefore obtain 

V. _ I ( ·L + }RsCcsiWO) _ I jRsCcsiWO 
m - om } IWO 11 1 • 

g,. gm 
(5.89) 

The coefficient of l 0u1 represents the transconductance gain of the circuit (including Rs): 

I I ou/ I = - --,----=--=--,.... 
V;n wo (L

1 
+ RsCcs i ) . 

8m 

(5.90) 

Now, recall from Eq. (5.77) that, for input matching, g111 LI / Ccsi = Rs. Since gm/Ccs i ~ 
wr. 

low WT I 
1- 1= - · - . 

V;, 2wo Rs 
(5.91) 

.Interestingly, the transconductance of the circuit remains independent of L1, Lc, and g111 so 
long as the input is matched. 

Setting V;11 to zero in Eq. (5 .89), we compute the output noise due toM 1: 

llu.owiM I 
= 11"11 RsCcs1 

CmLI + RsCcsi 
(5.92) 
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which, for gmLJ!CcsJ = Rs, reduces to 

2 
(5.93) 

and hence 

? 
T;;.OLIIIMI = kTyg/11. (5.94) 

Dividing the output noise current by the transconductance of the circuit and by 4kTRs and 
adding unity to the result, we arrive at the noise figure of the circuit (2): 

(
w0 )

2 

NF = I + gmRsy wr (5.95) 

It is important to bear in mind that this result holds only at the input resonance frequency 
and if the input is matched. 

Example 5.14 

A student notes from Eq. (5.95) above that, if the transistor width and bias current are scaled 
down proportionally, then g111 and Ccs1 decrease while g11,/Ccsi = wr remains constant. 
That is, the noise figure decreases whi le the power dissipation of the circuit also decreases! 
Docs this mean we can obtain NF = I with zero power dissipation? 

Solution: 

As Ccs1 dccrca~es, Lc + L1 must increase proportionally to maintain a constant wo. Sup
pose L1 is fixed and we s imply increase Lc. As Ccs1 approaches zero and Lc infinity, the Q 
of the input network(~ Lcwo/Rs) also goes to infinity, providing an infinite voltage gain at 
the input. Thus, the noise of Rs overwhe lms that of M1, leading to NF = I. This result is not 
surpris ing; after all, in a circuit such as the network of Fig. 5.36, IV0 111/V;11I = (RsCawo) - I 

at resonance, implying that the voltage gain approaches infinity if C11 goes to zero (and La 
goes to infinity so that wo is constant). In practice, of course, the inductor suffers from a 
finite Q (and parasitic capacitances), limi ting the perfonnance. 

Figure 5.36 Equivalent circuit of CS input network. 

What if we keep Lc constant and increase the degeneration inductance, L1 '!The NF still 
approaches I but the transconductance of the circuit, Eq. (5.90), falls to zero if Ccs i /8111 

remains fixed. 11 That is, the circuit provides a zero-dB noise figure but with zero gain. 

I I . If CcsJ!Cm is constant and L1 increases, the input cannot remain matched and Eq. (5.95) is invalid . 
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The above example suggests that maximizing La can minimize the noise figure by 
providing voltage gain from V,:,, to the gate of M 1. The reader can prove that this gain is 
given by 

Vc = ~ ( 1 + LcUJO ) . 
V;,. 2 Rs 

(5.96) 

Note that Le(r)o/ Rs represents the Q of the series combination of Le and Rs. Indeed, as 
explained below, the design procedure begins with the maximum available value of Lc 
(typically an off-chip inductor) whose parasitic capacitances are negligible. The voltage 
gain in the input network (typically a~ high a~ 6 dB) does lower the IP3 and P1 <1B of the 
LNA, but the res ulting values still prove adequate in most applications. 

We now turn our attention to the output node of the circuit. As explained in 
Section 5.3.1, an inductive load attached to a common-source stage introduces a negative 
resistance due to the feedback through Cev. We therefore add a cascode transistor in the 
output branch to suppress th is effect. Figure 5.37 shows the resulting ci rcui t, where R1 mod
els the loss of Lo. The vol tage gain is equal to the product of the circuit's transconductance 
[Eq. (5.91)] and the load resistance, R1 :'2 

Vom (r)T R1 
(5 .97) -- - ----

V;n 2(r)o Rs 

R1 
(5.98) = 

2LJ (r)Q 

The effect of CeDI on the input impedance may still require anention because the 
impedance seen at the source of M2, Rx, rises sharply at the output resonance frequency. 
From Eq. (5 .64), 

R1 + ro2 Rx = __:_.....:...._ 
1 + gmro2 

Figure 5.37 fllductively·degenerated cascode CS LNA. 

12. The output impedance of the cascode is assumed much higher thao R1. 

(5.99) 
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Using the transconducwnce expression in (5.90) and VefV;,. in (5 .96), we compute the 
voltage gain from the gate to the drain of M1: 

Vx Rs R1 + r02 - - -- . ___ _;__...=..;: __ _ 

( I + Cm2Y02)(Rs + Lc(r)o) 
(5.100) 

Since Rs » L1UXJ (why?) and tbe second fraction is typically near or higher than unity, 
CeDI may suffer from substantial Miller multiplication at the output resonance frequency. 

In the foregoing noise figure calculation, we have not included the noise contribution 
of Mz. As formulated for the cascode CG stage in Section 5.3.3, the noise of the cascode 
device begins to manifest itself if the frequency of operation exceeds roughly (2ro1 Cx) - I . 

Example 5.15 

Detern1ine the noise figure of the cascode CS stage of Fig. 5.37. including the noise 
contributed by R1 but neglecting the noise of Mz. 

Solution: 

Dividing the noise of R1 by the gain given by (5.98) and the noise of Rs and adding the 
result to the noise figure in (5.95), we have 

(5.101) 

Design Procedure Having developed a good understanding of the cascode CS LNA of 
Fig. 5.37, we now describe a procedure for designing the circuit. The reader i.s encouraged 
to review the CG design procedure. The procedure begins with four knowns: the frequency 
of operation, UJQ, the value of the degeneration inductance, L1 , the input pad capacitance, 
Cpad. and the value of the input series inductance, Lc. Each of the last three knowns is 
somewhat flexible, but it is helpful to select some values, complete the design, and iterate 
if necessary. 

Governing the design are the following equations: 

(5.102) 

( 
Ccs l )2 Llwr = Rs. 

Ccsa + Cpad 
(5. 1 03) 

With (r)Q known, Ces1 is calculated from (5. 1 02), and wr and 8m ( = wrCGsa) from (5.1 03). 
We then return to the plots of g111 andfr in Fig. 5.25 and determine whether a transistor 
width can yield the necessary g.., and./7" simultaneously. In deep-submicron technologies 
and for operation frequencies up to a few tens of gigahertz, thefr is likely to be o;too high," 
but the pad capacitance alleviates the issue by transforming the input resistance to a lower 
value. If the requisitefr is qui te low, a capacitance can be added to Cpad· On the other hand, 
if the pad capacitance is so large as to demand a very highfr, the degeneration inductance 
can be increased. 
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In the next step, the dimensions of the cascode device are chosen equal to those of the 
input transistor. As mentioned in Section 5 .3.3 for the cascode CG stage, the width of the 
ca~code device only weakly affects the performance. Also, the layout of M1 and M2 can 
follow the structure shown in Fig. 5.27 to minimize the capacitance at node X. 

The design procedure now continues with selecting a value for Lo such that it resonates 
at wo with the drain-bulk and drain-gate capacitances of M2 , the input capacitance of the 
next stage, and the inductors's own parasitic capacitance. lf the parallel equivalent resis
tance of Lo results in a gain, Rt / (2Lt wo), greater than required, then an explicit resistor 
can be placed in parallel with Lo to lower the gain and widen the bandwidth. 

In the last step of the design, we must examine the input mat.ch. Due to the Miller 
multiplication of Cco1 (Example 5.12), it is possible that the real and imaginary parts 
depart from their ideal values, necessitating some adjustment in Lc. 

The foregoing procedure typically leads to a design with a relatively low noise figure, 
around 1.5 to 2 dB-depending on how large Lc can be without displaying excessive para
sitic capacitance-s. Alternatively, the design procedure can begin with known values for NF 
and Lt and the following two equations: 

NF = I + 8m!Rsy (w0
)

2 

(5 .104) 
Wt 

( 
Ccst )

2 

Rs = L1wr, 
Cost + Cptu~ 

(5.105) 

where the noise of the cascode transistor and the load is neglected. The necessary values of 
WT and 8ml can thus be computed (g111 t / Ccs t ""'wr). If the plots in Fig. 5.25 indicate that 
the devicefr is too b.igh, then additional capacitance can be placed in parallel with Ccs1 . 
Finally, Lo is obtained from Eq. (5.1 02). (If advanced packaging minimizes inductances, 
then L1 can be integrated on the chip and assume a small value.) 

The overall LNA appears as shown in Fig. 5.38, where the antenna is capaci tively tied 
to the receiver to isolate the LNA bias from external connections. The bias cwTent of M, is 

..,--...,-,- .... V DO 

., I CB 

Figure 5.38 lnducti1•ely-degenerated CS stage with pads and bias network. 
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established by Mn and In, and resistor Rn and capacitor Co isolate the signal path from the 
noise of Te and Me. The source-bulk capacitance of M 1 and the capacitance of the pad at the 
source of Mt may slightly alter the input impedance and must be included in simulations. 

Example 5.16 

How is the value of Re chosen in Fig. 5.38? 

Solution: 

Since Re appears in parallel with the signal path, its value must be maximized. Is 
Re = I ORs sufficiently high? As illustrated in Fig. 5.39, the series combination of Rs and 
Lc can be transformed to a parallel combination wi th Rp"" Q2Rs"" (Lcwo/Rs)2Rs. From 
Eq. (5.96), we note that a voltage gain of, say, 2 at the input requires Q = 3, yielding 
Rp ""'450 n. T hus. Re = 1 ORs becomes comparable wi th Rp, raising the noise figure and 
lowering the voltage gain. In other words, Re must remain much greater than Rp. 

Rp 

Rs 

ac GND? ac GND? 

(a) (b) (c) 

Figure 5.39 (a) Effect of bias resistor Re on CS LNA, (b) conversion of Rs and Lo to a parallel 
network, (c) effect o.f distributed capaciTance ofRn. 

Large resistors may suffer from significan t parasitic capacitance. However, increasing 
the length of a resistor does not load the signal path anymore even though it leads to a larger 
overall parasitic capacitance. To understand th is point, consider the arrangement shown in 
Fig. 5.39(b), where the parasitic capacitance of Re is represented as distributed elements 
C 1 -C,. Which node should be bypassed to ground. P or Q? We recognize that Ze is higher 
if Q is bypassed even though the longer resistor has a higher capacitance. Thus, longer bia~ 

resistors are better. Alternatively, a small MOSFET acting as a res istor can be used here. 

The choice between the CG and CS LNA topo logies is determined by the trade-off 
between the robustness of the input match and the lower bound on the noise figure . The 
former provides an accurate input resistance that is relatively independent of package par
asitics, whereas the latter exhibits a lower noise figure. We therefore select the CG stage if 
the required LNA noise figure can be around 4 dB, and the CS stage for lower values . 

An interesting point of contra~t between the CG and CS LNAs relates to the contri
bution of the load resistor, R 1, to the noise figure. Equation (5.58) indicates that in a CG 
stage, this contribution , 4Rs/ R t. is equal to 4 divided by the voltage gain from the input 
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source to the output. Thus, for a typical gain of I 0, this contribution reaches 0.4, a sig
nificant amount. For the inductively-degenerated CS stage, on the other hand, Eq. (5.101) 
reveals that the contribution is equal to 4Rs/RI multiplied by (wo/(J)r)2 Thus, for opera
tion frequencies well below the fr of the transistor, the noise contribution of R 1 becomes 
neg ligible. 

Example 5.17 

It is believed that input matching holds across a wider bandwidth for the CG stage than for 
the inductively-degenerated CS stage. Is this statement correct? 

Solution: 

Consider the equivalent circuits shown in Fig. 5.40 for the two LNA configurations, where 
R1 = 50 Q, C1 and C2 are roughly equal, and the inductors represent (inevitable) bond 

L1 c1 L2 

~1R1 
0 

m' 1 
1 R1=.!_ i CGs+ Cse* C2 

Z1n1 ., Z1n2 ., 9 m 

(a) (b) 

Figure 5.40 Input networks of (a) CS and (b) CG LNAs. 

wires. For the CS stage [Fig. 5.40(a)], we have 

Re{Z;,J} = R1 

L1 Ct(J)2 - I 
/m{Z;,rt} = C . 

I(J) 

If the center frequency of in terest is wo ( = I I .j[jC[) and (J) = (J)Q + !!.(J), then 

L1 !!.(J) 
/m{Zinl l ~ 2Lt6.(J) . 

wo 

(5.106) 

(5. 107) 

(5. 1 08) 

That is, the imaginary part varies in proportion to deviation from the center frequency, 
limiting the bandwidth across which IS11I remains acceptably low. 

In the network of Fig. 5.40(b), on the other hand, 

R1 
Re{Z;,2} = 2 , 

2 I + R1Ci (J) 
(5. 109) 

(5.110) 
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In practice, l j(R1C2) is comparable with the (J)T of the transistor )e.g., if Rt = l jg,. and 
C2 = Ccs. then 1j(R1C2) "'=' (J)r]. Thus, for (J) « (J)r, 

Re{Z;,2) ~ R1 
? 

/m{Z;,z) "'=' (Lz - RjC2)(J). 

(5.111) 

(5 .1 12) 

Interestingly, if L2 = R~Cz, then /m{Z;,zl falls to zero and becomes independent of fre
quency. Thus the CG stage indeed provides a much broader band at its input, another 
advantage of this topology. 

Example 5.18 

Des ign a cascodc CS LNA for a center frequency of 5.5 GHz in 65-nm CMOS technology. 

Solution: 

We begin with a degeneration inductance of I nH and the same input transistor a~ that in the 
CG stage of Example 5.1 1. Interestingly, with a pad capacitance of 50fF, the input resis
tance happens to be around 60 Q. (Without the pad capacitance, Re{Z;,} is in the vicinity 
of600Q.) We thus s imply add enough inductance in series with the gate (Lc = 12 nH) to 
null the reactive component at 5.5 GHz. The design of the cascode dev ice and the output 
network is identical to that of the CG example. 

Figure 5.41 shows the details of the design and Fig. 5.42 the simulated characteristics. 
We observe that the CS stage has a higher gain, a lower noise figure, and a narrower 
bandwidth than the CG stage in Example 5.11. 

Inductor Model ;··········· .......... .......... .......... , 

~ 10 nH 30 IF 6.9 kQ ! 1k0 

1 pF"f 

Figure 5.41 CS LNA example. 

(Continues) 
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Example 5.18 (Colltillued) 
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Figure 5.42 Simulated chamcteristics ofCS LNA eumwle. 

5 .3.5 Variants of Common-Gat e LNA 

As revealed by Eq. (5.57), the noise figure and input matching of the CG stage are inex
tricably related if channel-length modulation is negl igible, a common si tuation i.n older 
CMOS technologies. For th.is reason, a number of efforts have been made to add anotber 
degree of freedom to the design so as to avoid this relationship. In th is section, we describe 
two such examples. 

Figure 5.43 shows a topology incorporating voltage-voltage feedback [3].1> The block 
having a gain (or attenuation factor) of a senses the output voltage and subtracts a fraction 
thereof from the input. (Note that M1 operates a~ a subtractor because !DI cx: Vp - V;,.) 
The loop transmission can be obtained by breaking the loop at the gate of M 1 and is equal 
to gmZL · rx .'4 If channel-length modulation and body effect are neglected, the closed-loop 
input impedance is equal to the open-loop input impedance, 1/ g111, multiplied by I+ g111ZLa: 

Z;,. = 

At resonance, 

I 
- + aZL· 
8m 

I 
- + aR1. 
g,. 

13 . This technique was orig inally devised for bipolar stages. 
14. 'lloe inpur impedance of the feedback circuit is absorbed in ZL. 

(5.1l3) 

(5.114) 
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ZL .. ... . ... ... .. .. .. .... .. .. . , Voo 

L1 

..... +-.-.. -.. • .. -.. -.. -.. • .. -.. -.. -.. <-o Vout 

Figure 5.43 CG LNA with feedback. 

+-----,-o Vout +-------...--<> Vn,out 

M1 
Rs X 

v,n i 
z,n 

': 

(a) (b) 

Figure 5.44 (a) Input impedance and (b) noise behaviorofCG stage with feedback. 

The input resistance can therefore be substantially higher than I I g111 , but how about the 
noise figure? We first calculate the gain with the aid of tbe circuit depicted in Fig. 5.44(a). 
T he vol tage gain from X to the output is equal to the open-loop gain, gmR1, divided by 
l + agmR 1 (at the resonance frequency). Thus, 

Vow Zin g,RI 
(5. 115) = 

V;, Z;n + Rs + ag,RI 

R1 
(5.116) = 1 

- + aR1 + Rs 
gm 

which reduces to RJ /(2Rs) if the input is matched. 
For output noise calculation, we construct the circuit of Fig. 5.44(b), where V11 1 rep

resents the noise voltage of M1 and noise of the feedback circuit is neglected. Since Rs 
carries a current equal to - Vn.our/R I (why?), we recognize that Vcs1 = aV11,0111 + V,.1 + 
Vll.ou1Rs/ R1. Equatingg,Vcsl to -v",0111/R1 yields 

(5.117) 
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and hence 

- g, Vul 
V n. our IM I = ---"";R;;.s..::.:_ ...,l_ 

g,(a + - ) + -
R, R, 

(5.118) 

The noise c urre nt of R, is multiplied by the output impedance of the circuit, R0111 • The 
reader can show that R0 111 is equal to Rt in parallel with ( I + g,.Rs)/(ag,). Summing this 
noise and that of M1, dividing the result by the square of (5 .11 6) and 4kTRs, and assuming 
the input is matched, we have 

y Rs ( I )
2 

NF=l+ -- + - 1 + --
g,Rs R, g,.Rs 

(5.119) 

That is, the NF can be lowered by raising g,.. Note that this result is identical to that 
expressed by Eq. (5.57) for the simple CG stage, except that g,Rs need not be equal to 
unity here. For example, if g,.Rs = 4 andy = l, then the first two terms yield a noise figure 
of 0 .97 dB. In Problem 5.1 5 we reexamine these results if channel-length modulation is not 
neg lected. 

How is the feedback factor, a, chosen in the above circuit? 

Solution: 

The design begins with the choice of g,.Rs and R1/(2Rs) to obtain the required noise figure 
and voltage gain, A, . For input matching, g,.Rs - I = ag,.R 1 = ag,.(2A, Rs). It follows 
that 

g,.Rs - I 
a = . (5. 120) 

2g,.RsAv 

For example, if g,Rs = 4 and Av = 6 ( = 15.6dB), then R, = 600Q and a= 1/16. 

Another variant of the CG LNA employs feedfonvard to avoid the tight relationship 
between the input resistance and the noise figure [4]. IUustrated in Fig. 5.45(a), the idea is 
to amplify the input by a factor of - A and apply the re-sult to the gate of M, . For an input 
vol tage change of 1:!. V, the gate-source voltage changes by -(I + A)!:!. V and the drain 
current by -(1 + A)g,.l:!. V. Thus, the g, is "boosted" by a factor of I +A [4), lowering 
the input impedance to Rin = [g,.( l + A))- 1 and raising the voltage gain from the source 
to the drain to (I + A)g,.R, (at resonance). 

We now compute the noise figure with the aid of the equivalent circuit shown in Fig. 
5.45(b ). Since the current fl owing through Rs is equal to - Vn.out! R 1, the source voltage is 
given by - Vn.our Rs/ R1 and the gate voltage by (-Vn.our Rs/ R1 )( -A) + Vnl· Multiplying 
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-r.....,.-.,.. Voo 

(a) 

+--- -<> Vn,out v., 
+ ---..--' 

(b) 

Figure 5.45 (a) CG swge wirhfeedforward, (b) calcularion ofNF 

the gate-source voltage by g, and equating the result to - Vn.owl R 1, we have 

( 
Rs Rs ) Vn.our 

g, A - V11.out + Vnl + - Vu.out = - --, 
R, R, R, 

and hence 

Vn.ourL"ft = 
(1 + A)g,.Rs + I . 
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(5.121 ) 

(5.122) 

This expression reduces to - g,. R1 V11 1/2 iJ the input is matched, indicating that half of the 
noise curre nt of M1 flows through R1•15 With input matching, the voltage gain from the left 
terminal of Rs in Fig. 5.45(b) to the output is equal to ( I + A)g,.R1/2 . We therefore sum 
the output noise contribution of M 1 and R 1, divide the result by the square of this gain and 
the noise of Rs, and add unity: 

NF = I + _ Y_ + 4Rs 
I +A R1 

(5.123) 

This equation reveals that the NF can be lowered by raising A wi th the constraint g,.(l + 
A) = Rs 1 (for input matching). 

The above analysis has neglected the noise of the gain stage A in Fig. 5 .45(a). We show 
in Problem 5.1 7 that the input-referred noise of this stage, v;;A, is multiplied by A and added 
to V11 1 in Eq. (5.122), leading to an overall noise figure equal to 

NF = (5.124) 

In other words, v,~A is referred to the input by a factor of A2 j(l + A)2 , wh.ich is not much 
Jess than unity. For this rea~on, it is difficult to realize A by an acti ve c ircuit. 

It is possible to obtain the voltage gain through the use of an on-chip transformer. As 
shown i.n Fig. 5.46 [4], for a coupling factor of k between the primary and the secondary and 

15. Where does rhe orher half go? 
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Figure 5.46 CG stage with transformer feedfonvard. 

a turns ratio of n ( = -JL-z/ LJ), the transformer provides a vol tage gain of kn. The direction 
of the currents is chosen so as to yield a negative s ign. However, on-chip transformer 
geometrie-s make it difficult to achieve a voltage gain higher than roughly 3, even wi th 
stacked spirals [51 . Also, the loss in the primary and secondary contri butes noise. 

5.3.6 Noise-Cancelling LNAs 

ln our previous derivations of the noise figure of LNAs, we have observed three terms: a 
value of unity arising from the noise of Rs itself, a term representing the contribution of 
the input transistor, and another related to the noise of the load resistor. "Noise-cancelling 
LNAs" aim to cancel the second term [6]. The underlying principle is to identify two nodes 
in the circuit at which the signal appears with opposite polarities but the noise of the input 
transistor appears with the same polarity. As shown in Fig. 5.47, if nodes X and Y satisfy 
this condition, then their voltages can be properly scaled and summed such that the signal 
components add and the noise components cancel. 

Rs 

Auxiliary Amplifier 

Figure 5.47 Concepuwl illustration of IIOise-cancelling lNAs. 

T he CS stage with resistivefeedback s tudied in Section 5.3.2 serves as a good candidate 
for noise cancellation because, as shown in Fig. 5.48(a), the noise current of M 1 flows 
through Rp and Rs , producing voltages at the gate and drain of the transistor with the 
same polarity. The signal , on the other hand, experiences invers ion. Thus, as conceptually 
shown in Fig. 5.48(b), if Vx is amplified by -A I and added to Vy, the noise of M 1 can 
be removed [6]. Since the noise voltage-s at node-s Y and X bear a ratio of 1 + Rp-JRs 
(why?), we choose A 1 = 1 + Rp JRs. The signal experiences two additive gains: the original 
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RF 

Rs 

y 
<±J--vout 

X 
vln ~ - r-

~ 

Cin 

(a) (b) 

Figure 5.48 (a) Noise of input transistor in a feedback CS stage, (b) cancel/atio11 oj11oise ofM1. 

gain, Vr / Vx = 1 - g111Rp = 1 - RF/Rs (if the input is matched) , and the additional gain, 
- (1 + RF/ Rs). It follows that 

- = 1- - - l + -Vo,u . Rp ( Rp ) 
Vx Rs Rs 

(5. 125) 

lRp 
Rs' 

= (5. 126) 

if the input is matched. The gain V011r/V;11 is half of tbis value. 
Let us now compute the noise figure of the circuit, a~suming that the auxiliary amplifier 

exhibits an input-referred noise vol tage V11A 1 and a high input impedance. Recall from 
Section 5.3.2 that the noise voltage of Rp appears directly at the output as 4kTRp. Adding 

this noise to ATV~,\i' dividing the result by (Rp/ Rs)2 and 4kTRs, and adding unity, we 
obtain the noise figure as 

NF= 
Rs -- Rs 

I + - + A2V2 
Rp 1 uA I4kTR}' 

(5.127) 

Since A,= 1 + RFJRs, 

NF = I+ Rs + ~ (I + Rs ) 2 
Rp 4kTRs Rp 

(5. 128) 

The NF can therefore be minimized by maximizing Rp and minimizing V~A 1• Note that 
Rs / Rp is the inverse of the gain and hence substantially le-ss than unity, making the third 

term approximately equal to V~A 1 /(4kTRs). That is, the noise of the auxiliary amplifier is 
directly referred to the input and must therefore be much less than that of Rs. 

The input capacitance, C;,, aris ing from M1 and the auxiliary amplifier degrades both 
Su and the noise cancellation, thereby requiring a series (or parallel) inductor at the input 
for operation at very high frequencies. It can be proved [6] that the frequency-dependent 
noise figure is expressed as 

NF(f) = NF(O) + [NF(O)- I + y ] (fo) 2, (5. 129) 

where NF(O) .is given by (5.128) andfo = l j (rrRsC;n). 
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Figure 5.49 Example of noise-cancelling LNA. 

Figure 5.49 depicts an implementation of the circuit (6]. Here, M2 and M3 serve as a CS 
amplifier, providing a voltage gain of g,.2/(g,.3 + gmb3). and also as the summing ci1·cuit. 
Transistor M3 operates as a source fol lower, sensing the signal and noise at the drain of M1. 
The first stage is similar to that studied in Example 5.7. 

Example 5.20 

Figure 5.50 shows an a lternative implementation of a noise-cancelling LNA that also 
performs single-ended to differential conversion. Neglecting channel-length modulation, 
detennine the condition for noise cancellation and derive the noise figure. 

Figure 5.50 CG/CS srage as a noise-cancelling LNA. 

Solution: 

The circuit follows the noise cancellation principle because (a) the noise of M1• V,1, sees a 
source follower path to node X and a common-source path to node Y, exhibiting opposite 
polarities at these two nodes, and (b) the signal sees a common-gate path through X and Y, 
exhibiting the same polarity. Transistor M1 produces half of its noise voltage at X if the 
input is matched (why?). Transistor M2 senses th is noise and amplifies it by a factor of 
-g,.zR2. The reader can prove that the output noise of the CG stage due to M 1 (at Y) is 
equal to (V,1 / 2)g,. IRJ. For noise cancellation, we must have 

(5. 130) 
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Example 5.20 (Continued) 

and. s ince 8ml = I IRs. 

(5.131) 

If the noise of M1 is cancelled. the noise figure arises from the contributions of M2. R1. 
and R2. The noise at Y is equal to 4kTR 1 and at N equal to 4kTyg1112R~ + 4kTR2. Since the 
total voltage gain, V011r/V;,, is given by (g1111R1 + g,aR2)/2 = 8m1R1 = RJ/Rs, we have 

(5.132) 

(5.133) 

The principal advantage of the above noise cancellation technique is that it affords the 
broadband characteristics of feedback or CG stages but with a lower noise figure. It is there
fore suited to systems operating in different frequency bands or across a wide freq uency 
range, e.g., 900 MHz to 5 GHz. 

5.3. 7 Reactance-Cancelling LNAs 

It is possible to devise an LNA topology that inherently cancels the effect of its own 
input capaci tance. Illustrated in Fig. 5.5l(a) [7], the idea is to exploit the inductive input 
impedance of a negative-feedback amplifier so as to cancel the input capacitance, C;,. Jf 
the open-loop transfer function of the core amplifier is modeled by a one-pole response, 
Ao/ (1 + sfwo), then the input admittance is given by 

s + (Ao + l)wo 
Y1 (s) = R ( ) . r-s + cvo 

r·LNA···················R~ ················· .. l 

I 
C;n'J y1 Core 

Amplifier 
:. ......... ..... ..... ........................... .. ! 

(a) 

(5 .134) 

(b) 

Figure 5.51 (a) Reacumce·ccmcellillg LNA IOpo/ogy. (b) behavior of compo11e11IS of Y1 with 
ji·equency. 
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It follows that 

1 = RF(W2 + w~) 
Re{ YJ) (l + Ao)w6 

(5.135) 

- Aowwo 
lm{YJ) = 

2 2 . 
RF(UJ + w0) 

(5 .1 36) 

At freq uencies well below wo. l f Re{Yl) reduces to RFf(l + Ao), which can be set 
equal toRs, and /m{Yd is roughly - Aowf (RFwo), which can be chosen to cancel C;11w. 
Figure 5.5 1 (b) illustrates the behavior of If Re{ Y1} and - lm{ Y1}. 

The input matching afforded by the above technique holds for frequencies up to about 
UJO, dictating that the open-loop bandwidth of the core amplifier reach the maximum fre
quency of interest. T he intri nsic speed of deep-submicron devices provides the gai.n and 
bandwidth required here. 

The reader may wonder if our modeling of the core amplifier by a one-pole response 
applies to multistage implementations as well. We return to this point below. 

Figure 5.52 shows a circuit realization of the amplifier concept for the frequency range 
of 50MHz to lOGHz [7]. Three common-source stages provide gain and allow negative 
feedback. Cascodes and source followers are avoided to save voltage headroom. The input 
transistor, MJ, has a large width commensurate with flicker noise requirements at 50MHz, 
thus operating with a Vas of about 200m V. If this voltage also appears at node Y, it leaves 
no headroom for output swings, limiting the linearity of the circuit. To resolve th.is issue, 
current 11 is drawn from RF so as to shift up the quiescent voltage at Y by approximately 
250 mY. Since Rp = l kQ, !1 need be only 200 JJ.A, contributing negligible noise at the 
LNA input}6 

With three gain stage.s, the LNA can potentially suffer from a small phase margin 
and exhibit substantial peaking in its frequency response. In this design, the open-loop 
poles at nodes A, B, X, and Y lie at 10 GHz, 24.5 GHz, 22 GHz, and 75 GHz, respec
tively, creating a great deal of phase shift. Nonetheless, due to the small feedback factor, 

Voo 

75Q 200Q 150!2 
B X y 

Rs A 
200 11m 25 ~tm 

v~.r 
25 ~tm 

M1 60nm 60 nm 60 nm 
~ ~ ~ 

RF 

/ 1 + 1ooo n 

~ 

Figure 5.52 Implementation of reactance-cancelling LNA. 

16. Alternatively, capacitive cQupling can be used in the feedback path. But the large value oecessary for the 
capacitor would inu·oduce. additionaJ parasitics. 
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Rs/ (Rs + RF) = 0.048, simulations indicate that the circuit provides a phase margin of 
• about 50 and a peaking of l dB in its closed-loop frequency response. 

The multi-pole LNA of Fig. 5.52 contains an inductive component in it~ input 
impedance but with a behavior more complex than the above analysis suggests. Fortu
nately, behavioral simulations confirm that, if the poles at B, X, and Yare "lumped" (i.e., 
their time constants are added), then the one-pole approximation still predicts the input 
ad1n iuance accurately. The pole frequencies mentioned above collapse to an equivalent 
value of wo = 2rr(9.9 GHz), suggesting that the real and imaginary part~ of Yt retain the 
desired behavior up to the edge of the cognitive radio band. 

The LNA output is sensed between nodes X and Y. Even though these nodes provide 
somewhat unequal swings and a phase difference slightly greater than 180' , the pseudo
differential sensing still raises both the gain and the !P2, the latter because second-order 
distortion at X also appears at Y and is thus partially cancelled in Vy - Vx1 7 

5.4 GAIN SWITCHING 

The dynamic range of the s ignal sensed by a receiver may approach IOOdB. For example, 
a cell phone may receive a s ignal level as high as - 10 dBm if it is close to a base station 
or as low as - I 10 dBm if it is in an underground garage. While designed for the highest 
sensitivity, the receiver chain must s til l detect the s ignal correctly as the input level contin
ues to increase. This requires that the gain of each stage be reduced so that the subsequent 
stages remain sufficiently linear with the large input signal. Of course, as the gain of the 
receiver is reduced, its noise figure rises. The gain must therefore be lowered such that 
the degradation in the sensitivity is less than the increase in the received signal level, i.e., 
the SNR does not fall. Figure 5.53 shows a typical scenario. 

Gain switching in an LNA must deal with several issues: ('I ) it must negligibly affect 
the input matching; (2) it must provide sufficiently small "gain steps"; (3) the additional 
devices performing the gain switching must not degrade the speed of the original LNA; 

Log Gain 
Scale 1----., 

NF 

Signal Strength 

Figure 5.53 Effect of gain switching on NF and PJ<iB· 

17. To ensure s1abili1y io the presence of package parasitics. a capacitor of 10-20 pF must be placed be1ween 
VvvandGND. 
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Figure 5.54 Example of gain switching in CG stage. 

(4) for bigh input signal levels, gain switching must also make the LNA more linear so tbat 
this stage does not limit the receiver linearity. As seen below, some LNA topologies lend 
themselves more easi ly to gain switching than others do. 

Let us first consider a common-gate stage. Can we reduce the transconductance of the 
input transistor to reduce the gain? To switch the gain while maintaining input matching, 
we can insert a physical resistance in paral lel with the input as g111 is lowered. Figure 5.54 
s hows an example [8], where the input transistor is decomposed into two, M 1x and M1y, 

and transistor M2 introduces a parallel res istance if it is on. In the "high-gain mode," the 
gain select line, GS, is high , placing Mtr and M1y in parallel , and M2 is off. In the "low
gain mode," M 1y turns off, reducing the gain, and M2 turns on, e nsuring that R on2 ll (8m lx + 
8mbb )- 1 = Rs. For example, to reduce the gain by 6dB, we choose equal dimensions for 
M 1x and M 1y and R ou2 = (gm lx + 8mb lx)- 1 = 2Rs (why?). Also, the gate of M 1y is secured 
to ground by a capacitor to avoid the on-resistance of the switch at high frequencies. 

Example 5.21 

Choose the devices in the above circuit for a gain step of 3 dB. 

Solution: 

To reduce the voltage gain by ../2, we have 

Wtr I 

W1.r + W,y - .,j'i' 
(5.137) 

and hence W 1y/W 1x = ../2- I . We also note that, with M ly off, the input resistance rises to 

../2Rs. Thus, Ruu2li(../2Rs) = Rs and hence 

Rou2 = 
../2 
"' Rs. -v.t.- 1 

(5.138) 

In Problem 5.21, we calculate the noise figure after the 3-dB gain reduction. 
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In the above calculation, we have neglected the effect of channel-length modulation. If 
the upper bound expressed by Eq. (5.67) restricts the design, then the cascode CG stage of 
Fig. 5.24 can be used. 

Another approach to switching the gain of a CG stage is illustrated in Fig . 5.55, where 
the on-resistance of M2 appears in parallel with R1• With input matching and in the absence 
of channel-length modulation, the gain is given by 

(5.139) 

For multiple gain steps, a number of PMOS switches can be placed in parallel with R,. The 
following example elaborates on this point. 

1- GS 

Figure 5.55 J::jfect of load switching on input impedance. 

Example 5.22 

Des ign the load switching network of Fig. 5.55 for two 3-dB gain steps. 

Solution: 

As shown in Fig. 5 .56, M2o and M 2b switch the gain. For the first 3-dB reduction in gain , 
M20 is turned on and 

(5.1 40) 

-r-r--T""-------r V DO 

!-GS2 

Figure 5.56 Load swirchingfor 3·dB gain steps. 

( CcJIIIinues) 
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Example 5.22 ( Coutinued) 

i.e .. Ron.a = Rlf(,J2- 1) . For the second 3-dB reduction, both M2a and M2b are turned on 
and 

(5. 141 ) 

i.e .. Ron.b = Rlf(2 - ,fi). Note that if only M2b were on in this case, then it would need to 
be wider, thus contributing a greater capacitance to the output node. 

T he principal difficulty with switching the load resistance in a CG stage is that it alters 
the input resistance, as expressed by R;11 = (RJ + ro) /(1 + g111ro). This effect can be min
imized by adding a cascode transisror a~ in Fig. 5.24. The use of a cascode transisror also 
permits a third method of gain switching.lllusrrated in Fig. 5.57, rhe idea is to route part of 
the drain current of rhe input device to Vvv-rather than to the load-by means of another 
cascode transistor, M3. For example, if M2 and M3 are identical , then turning M3 on yields 
a = 0.5, dropping tbe voltage gain by 6 dB. 

The advantage of the above technique over the previous rwo is thar the gain step 
depends only on 1¥3/l¥2 (if M2 and M3 have equal lengths) and not the absolure value of the 
on-resistance of a MOS switch. The bias and signal currents produced by M 1 split between 
M3 and Mz in proportion to W3/ Wz, yielding a gain change by a factor of I + W3 / Wz. As 
a resulr, gain sreps in the circui t of Fig. 5.57 are more accurate than those in Figs. 5.54 
and 5.55. However, the capacitance introduced by M3 at node Y degrades the performance 
at high frequencies. For a s ingle gain step of 6 dB, we have l¥3 = l¥2, nearly doubling the 
capacirance at this node. For a gain reduction by a factor of N, W3 = (N - I) Wz, possibly 
degrading the performance considerably. 

(1- a )/ol 

Rx 

Figure 5.57 Gain switching by cascode device. 
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Example 5.23 

If W3 = W2 in Fig. 5.57, how does the input impedance of the ci rcuit change from the 
high-gain mode to the low-gain mode? Neglect body effect. 

Solution: 

In the high-gain mode, the input impedance is given by Eq. (5.70). In the low-gain mode, 
the impedance seen looking into the source of M2 changes because both 8m2 and r02 
change. For a square-law device, a twofold reduction in the bias current (while the dimen
sions remain unchanged) translates to a twofold increase in ro and a ,J2 reduction in 8m· 
Thus, in Fig. 5.57, 

Rur2 = 
R1 + 2ro2 

+ ,J2gm2Y02' 
(5.142) 

where 8m2 and ro2 correspond to the values while M3 is off. Transistor M3 presents an 
impedance of (1/g1113) 1J ro3 at Y, yielding 

Transistor M 1 transforms this impedance to 

Rr + ro1 Rx = ..,.......:----=-.:.._ 
I + 8m JTOJ 

(5.143) 

(5.144) 

This impedance is relatively indcpendcnr of rhc gain setting because Ry is on the order of 
l fgm. 

In order ro reduce the capacirance contributed by the gain swirching transisror, we can 
turn. off part of the main cascode transistor so as to create a greater imbalance between the 
two. Shown in Fig. 5.58 (on page 310) is an example where Mz is decomposed into two 
devices so that, when M3 is turned on, M2a is turned off. Consequently, the gain drops by a 
facror of I + W3/ W2b rather than I + W3j(Wzb + Wza) . 

Design the gain switching network of Fig. 5.58 for two 3-dB steps. Assume equal lengths 
for the cascode devices . 

Solution: 

To reduce the gain by 3 dB, we turn on M3 while M'b, and M2b remain on. Thus, 

W3 c:: 
I + = '\/2. 

w'b, + w2b 
(5.145) 

(Conrinues) 
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Example 5.24 (Continued) 

For another 3-dB reduction, we tum off M2b: 

(5.146) 

It follows from Eqs. (5.145) and (5.146) that 

(5.147) 

In a more aggressive design. M2 would be decomposed into three devices, such that 
one is turned off for the first 3-dB step, allowing M3 to be narrower. The calculations are 
left as an exercise for the reader. 

Figure 5.58 Gain switchi11g by programmable cascode devices. 

We now turn our attention to gain switching in an inductively-degenerated cascode 
LNA. Can we switch pan of the input transistor to switch the gain (Fig. 5.59)? Turning M lb 

off does not alter wr because the current density remains constant. Thus, Re{Z;,} = L, wr 
is relati vely constant, but /m{Z;n} changes, degrading the input match. If the input match 
is somehow restored, then the voltage gain, RJ! (2L1w), does not change! Furthermore, the 
thermal noise of S , degrades the noise figure in the high gain mode. For these reasons, gain 
switching must be real ized in other pans of the c ircuit. 

As with the CG LNA of Fig. 5.55, the gain can be reduced by placing one or more 
PMOS switches in parallel wi th the load [Fig. 5.60(a)]. Al ternatively, the cascode switching 
scheme of Fig. 5.57 can be applied here as well (Fig. 5.60(b)]. The latter follows the 
calculations outlined in Example 5.24, providing well-defined gain steps with a moderate 

Sec. 5.4. Gain Switching 311 

1 

.,. ICe 

Figure 5.59 Gai11 switching i11 CS stage. 

~--~------~ Voo 

f-GS 

(a) (b) 

Figure 5.60 Gai11 switching in cascode CS smge by (a) load switchi11g. (b) additional cascode 
device. 

additional capacitance at node Y . It is important to bear in mind that cascode swi tching is 
attractive because it reduces the current Aowing through the load by a well-defined ratio 
and it negligibly alters the input impedance of the LNA. 

For the t\vo variants of the CG stage studied in Section 5.3.3, gain switching can be 
realized by cascode devices as illustrated in Fig. 5.57. The use of feedback or feedforward 
in these topologies makes it difficult to change the gain through the input transistor without 
affecting the input match. 

Lastly, let us consider gain switch.ing in the noise-cancelling LNA of Fig. 5.48(b). 
Since Vr/ Vx = I - Rr/ Rs and R;n is approximately equal to 1/g111, and independent of 
Rr, the gain can be reduced simply by lowering the value of Rr . Though not essential in 
the low-gain mode, noise cancellation can be preserved by adjusting A 1 so that it remains 
equal to 1 + RF!Rs. 
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Which one of the foregoing gain reduction techniques also makes the LNA more 
linear? None, except for the last one! Since the CG and CS stages retain the gate-source 
voltage swing (equal to half of the input voltage swing) , their linearity improves negligibly. 
In the feedback LNA of Fig. 5.48(b), on the other hand, a lower Rp strengthens the negative 
feedback, raising the linearity to some extent. 

Receiver designs in which the LNA nonlinearity becomes problematic at high input 
levels can "bypass" the LNA in very-low-gain modes. Illustrated conceptually in Fig. 5.61, 
the idea is to omit the LNA from the signal path so that the mixer (presumably more li.n
ear) directly senses the received signal. The implementation is not straightforward if input 
matching must be maintained. Figure 5.62 depicts a common-gate example, where Mt is 
turned off, M2 is turned on to produce a 50-Q resistance, and M3 is turned on to route the 
signal to the mixer. 

Rs 

Figure 5.61 LNA bypuss. 

Figure 5.62 Realization ojL NA bypass. 

5.5 BAND SWITCHING 

As mentioned in Section 5.1, LNAs that must operate across a wide bandwidth or in differ
ent bands can incorporate band switching. Figure 5.63(a) repeats the structure of Fig. 5.7(a), 
with the switch realized by a MOS transistor. Since the bias voltage at the output node is 
near Vvv, the switch must be a PMOS device, thus contributing a larger capacitance for a 
given on-resistance than an NMOS transistor. This capaci tance lowers the tank resonance 
frequency when St is oJJ; reducing the maximum tolerable value of Ct and hence limit
ing the s ize of the input transistor of the following stage. (If Lt is reduced to compensate 
for the higher capacitance, then so are R1 and the gain.) For this reason, we prefer the 
implementation in Fig. 5.63(b), where S1 is formed as an NMOS device tied to ground. 
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(a) (b) 

Figure 5.63 (a) Band switching, (b) ~ffecr of switch parasirics. 

The choice of the width of St in Fig. 5.63(b) proves criti cal . For a very narrow transis
tor, the on-resistance, Ronl, rema.ins so high that the tank does not "feel" the presence of 
Cz when St is on. For a moderate dev ice width, Ronl limits the Q of C2, thereby lowering 
the Q of the overall tank and hence the voltage gain of the LNA. This can be readily seen 
by transforming the serie.s combination of C2 and Ron l to a parallel network consisting of 
C2 and Rrt "" Q2 R011 1, where Q = (C2wR011 1)-

1
. That is, R 1 is now shunted by a resistance 

Rr t = (C~w2Ron t ) - 1
• 

The foregoing observation implies that Ronl must be min imized such that Rr t » Rt. 
However, as the width of St in Fig. 5.63(b) increases, so does the capaci tance that it intro· 
duce.s in the off state. The equivalent capacitance seen by the tank when S t is off is equal 
to the series combination of C2 and Ccvt + Cvot , wh.ich means Ct must be less than its 
original value by this amount. We therefore conclude that the width of S 1 poses a trade-off 
bel\veen the tolerable value of C 1 when S 1 is off and the reduction of the gain when S 1 is 
on. (Recall that C1 arises from M0 , the input capacitance of the nex t stage, and the parasitic 
capacitance of L1 .) 

An alternative method of band switching incorporates two or more tanks as shown in 
Fig. 5.64 [8). To select one band, the corresponding cascode transistor is turned on whi le 
the other remains off. This scheme requires that each tank drive a copy of the following 
stage, e.g., a mixer. Thus, when M1 and band I are activated, so is mixer MX1 . The prin
cipal drawback of this approach is the capacitance contributed by tbe additional cascode 
device(s) to node Y. Also, the spiral inductors have large footprints, making the layout and 
routing more difficult. 

5.6 HIGH-IP2 LNAS 

As explained in Chapter 4, even-order distortion can significantly degrade the performance 
of direct-conversion receivers. Since tbe ci rcuits following tbe down conversion mixers are 
typically realized in differential form,'8 they exhibi t a high IPz, leaving the LNA and the 

18. And since they employ large devices and hence have small mismatches. 
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Figure 5.64 Band swirching by programmable cascade branches. 

mixers as the lP2 bottleneck of the receivers. ln this section, we study techniques of raising 
the IP2 of LNAs, and in Chapter 6, we do the same for mixers . 

5.6.1 Differential LNAs 

Differential LNAs can achieve high IP2 's because, as explained in Chapter 2, synunetric 
circuits produce no even-order distortion. Of course, some (random) asy1runerry plagues 
actual circuits, resul ting in a fin ite, but still high, IP2. 

ln principle , any of the single-ended LNAs studied thus far can be converted to differ
ential form. Figure 5.65 depicts two examples. Not shown here, the bias network for the 
input transistors is similar to those described in Sections 5.3.3 and 5.3.4. 

(a) (b) 

Figure 5.65 Difj'erenrial (a) CG and (b) CS srages. 
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But what happens to the noise figure of the circuit if it is convened to differential 
form? Before answering this question, we must determine the source impedance driving 
the LNA. Since the antenna and the preselect filter are typically s i.ngle-ended, a transformer 
must precede the LNA to perform single-ended to differential conversion. Illustrated in 
Fig. 5.66(a), such a cascade processes the signal d ifferentially from the input port of the 
LNA to the end of the baseband section. The transformer is called a "balun," an acronym 
for "balanced-to-unbalanced" conversion because it can also perform differential to single
ended conversion if its two ports are swapped. 

{~e~P~FJ-;;1r;1'F~~~~~-.er .. a_. ~;-~"-, 
I I ~ '----t'....,....-

LNA 

: ... L .... L _ .... _,-1-' 

(a) (b) 

Figure 5.66 (a) Use of balun al RX inpltl, (b) simplified circuit. 

If the source impedance provided by the antenna and the band-pass filter in Fig. 5.66(a) 
is Rs1 (e.g. , 50Q), what is the differential source impedance seen by the LNA, RS2? For 
a lossle.ss 1-to-1 balun, i.e ., for a lossless u·ansformer with an equal number of turns in 
il~ primary and secondary, we have Rs2 = Rst- We must thus obtain the noise figure of 
the differential LNA with respect to a differential source impedance of Rs1- Figure 5.66(b) 
shows the setup for output noise calculation. 

Note that the di fferential input impedance of the LNA, R;,, must be equal to Rsr for 
proper input matching. T hus, in the LNAs of Figs. 5.66(a) and (b), the single-ended input 
impedance of each half circuit must be equal to Rsl /2, e.g ., 25 Q. 

Differential CG LNA We now calculate the noise figure of the differential CG LNA 
of Fig. 5.6S(a), assuming it is designed such that the impedance seen between each input 
node and ground is equal tO Rs1 j 2. In other words, each CG transistor must provide an 
input resistance of 25 Q. Figure 5.67(a) shows the simplified enviroru11ent, emphasizing 
that the noise figure is calculated with respect to a sourc-e impedance of Rst· Redrawing 
Fig. 5.67(a) as shown in Fig. 5.67(b), we recognize from the symmetry of the circuit that 

.............. 
; LNA 
j R1 R1j 

-2-

rf-=i-t,....e:::...-+--+o Vn,out 

Rs1 LNA 
2 

{b) 

-~-X~ ... v -v:,oun 

z ----"~ v~.au12 
~R;vw 

2 

{C) 

Figure 5.67 (a) Cascade of balun. and LNA, (b) simplified circuit of (a), and (c) simplified circuir 
of( b). 
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we can compute the output noise of each half circuit as in Fig. 5.67(c) and add the output 
powers: 

v2 = v2 + v2 
n.cmt ,.ourl n.QIJt2 · (5. 148) 

Since each half circui t provides matching at the input, the CG results of Section 5.3.3 
apply here as well wi th the substitution Rs = Rs1/ 2. Specifically, the voltage gain from 
X to Y is equal to Rtf(2Rs t / 2), where R1 denotes the load resistance of the CG half cir
cuit. The output noise consists of (I) the input transistor contribution, given by Eq. (5.56). 
(2) the load resistor contribution. ~kTR,. and (3) the source impedance contribution. 
(4kTRst / 2)1Rt / (2Rt / 2) 1: 

, R~ Rst ( R1 ) 

2 

v;.o"'' = kTy Rst / 2 + 4kTR t + 4kT 2 2~st (5. 149) 

From Eq. (5. 148). the total output noise power is twice this amount. Noting that the total 
voltage gain Av = (Vy - Vw)f(Vx - Vz) is equal to that of half of the circuit, VyfVx 
( = R t I Rs t ), we compute the no ise figure with respect to a source im pedance of Rs t as 

vr- I NF = 11.out . __ _ 

A~ 4kTRst 

2Rs t 
= + y + --. 

R t 

(5.150) 

(5. 15 1) 

Interestingly, this value is lower than that of the sing le-ended counterpart [Eq. (5.58)1. But 
why? Since in Fig. 5.67(c), VrfVx = l? t f(2 Rs t /2) = R J/Rst. we observe that the voltage 
gain is twice that of the single-ended CG LNA. (After all, the transconductance of the 
input transistor is doubled to lower the input impedance to Rs1/2.) On the other hand, the 
over<Jll differential circuit contains two Rt 'sat its output, each contribut ing a noise power 
of 4kTR t. The total. SkTR,. divided by (Rt/Rst)2 and 4kTRs 1 yields 2Rs 1/ R1• Of course. 
the value stipulated by Eq. (5.15 1) can be readily obtained in a single-ended CG LNA 
by simply doubl ing the load resistance. Figure 5.68 summarizes the behavior of the two 
circuits, highlighting the greater voltage gain in the differential topology. If identical gains 
are desired. the value of the load resistors in the differential circuit must be halved, thereby 
yielding identical noise figures. 

In summary, a single-ended CG LNA can be converted to differential form according 
to one of three scenarios: (I) simply copy the circuit, in which case the differential input 
resistance reaches 100 S"2. failing to provide matching wi th a 1-to- 1 balun; (2) copy the 
circuit but double the transconductance of the input transistors, in which case the input is 
matched but the overall voltage gain is doubled; (3) follow the second scenario but halve the 
load resistance to retain the same voltage gain. The second cho ice is generally preferable. 
Note that, for a given noise figure, a differential CG LNA consumes four t imes the power 
of a s ingle-ended stagc.19 

19. To hulve the inpm t·esistunce, the transistor width and bius current must be doubled. 
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: . 
Rs1 : ••••••.••.•..•.•....... ; 

{b) 

Figure 5.68 Compariso11 of(") sit~gle-e11ded and (b) differetltia/ CG LNAs. 

Ollr NF calculations have assumed an ideal balun. In reality, even exte rnal baluns have 
a loss as high as 0.5 dB, raising the NF by the same amount. 

An amplifier having a high input impedance employs a parallel resi~tor at the input to 
provide matching [Fig. 5.69(a)]. Determine the noise figure of the c ircuit and its differential 
version. shown in Fig. 5.69(b), where two repl icas of the amplifier are u~ed. 

v., 

(a) (bl (cl 

Figure 5.69 (a} NF of an LNA wirh resisril"l!lermioorion. (b) tlifferettliitlt·ersimr of(a}. (c) simp/ifietl 
circuir of(b). 

Solution: 

In the circuit of Fig. 5.69(a), the amplifier input-re ferred noise current is negligible and 

the total noise at the output is equal to (4kTRs1/2)A2 + A2v;. The noi~c tigllre of the 

(Continues) 
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Example 5.25 (Continued) 

single-ended c ircuit is therefore given by 

4kTR51 A2 + A2V2 

2 " NFsing = --"---A-:::2---

4 

v2 
= 2 + --" 

kTRs, 

4kTR5, 
(5 .1 52) 

(5. 153) 

For the d ifferential version , we write from the simplified half circuit shown in Fig. 5.69(c). 

v;.owl = (4kTRs 1f4)A 2 + A2 VJ. The total output noise power of the differential ci rcuit is 
twice this amoun t. The corresponding noise figure is then given by 

2(4kT¥A
2 

+A
211J) 

NFd(tf = A2 4kTRs, 

4 

2V2 
= 2 + --"- . 

kTRs1 

(5 .154) 

(5. 155) 

In this case, the noise figure of the differen tial circui t is higher. We conclude that whether 
the differential version of an LNA exhibi ts a higher or lower NF depends on the circuit 
topology. 

Differential CS LNA The differential CS LNA of Fig. 5.65(b) behaves differently from 
its CG counterpart. From Section 5.3.4, we recall that the input resistance of each half 
circuit is equal to L,wr and mus t now be halved. This is accompl ished by halving L1• 

With input matching and a degeneration inductance of L,, the voltage gain wa~ found in 
Section 5.3.4 to be Rif(2L,wo). which is now doubled. Figure 5.70(a) illustrates the overall 
cascade of the balun and the differential LNA. We assume that the width and bias current 
of each input transistor are the same as tbose of the single-ended LNA. 

To compute the noise figure, let us first determine the output noise of the half circuit 
depicted in Fig. 5.70(b). Neglecting the contribution of the cascode dev ice, we note from 
Section 5.3.4 that, if the input is matched, half of the noise current of the input transistor 
flows from the output node. Tbus, 

y2 
II ,Qtt/1 

2 Rst Rt 
( )

2 

= kTyg111 ,R1 + 4kTR, + 4kT- --
2 L,wo 

(5.156) 
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(a) (b ) 

Figure 5.70 (a) Differelllial CS lNA fmd (b) its half circuit. 
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Multiplying tllis power by two, dividing it by A~ = Ri f(L,wo)2 and 4kTRs , , and noting 
that L,t.or/ 2 = Rs , f 2, we have 

(5.157) ( )2 ( )2 y wo 2Rs, wo 
NF = - gmlRSI - + -- -- + I. 

2 WT R1 WT 

How does this compare with the noise figure of the original s ingle-ended LNA 
[Eq. (5.101)]? We observe that both the transistor contribution and the load contribution 
are halved. The transistor contribution is halved because 8ml and hence the transistor noise 
current remain unchanged while the overall transconductance of tbe c ircuit is doubled. 
To understand this po int, recall from Section 5.3.4 that G111 = wr/(2woRs) for the original 
single-ended c ircuit. Now consider the equivalent circuit shown in Fig. 5.7 1, where the dif
ferential transconductance, (1, - /2)/ V;,., is equal to wr/ (woRs J) (why?). The differential 
output current contains the noise currents of both M, and M2 and is equal to 2(kTyg111 ,) . 

I£ tbis power is divided by the square of the transconductance and 4kTRs , , the first term in 
Eq. (5.157) is obtained. 

[ "fi~; .. ··rG······· .. ················· · · · · · · · · T(i··· ·R~;· ~ 

'2 2 2 2 ' 

:. ...................... :: ................ ::. ....................... : 
- + 

Figure 5. 71 Differential CS stage 1•iewed as a transconductor. 
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The reduction of the input transistor noise contribution in Eq. (5.157) is a remarkable 
property of d ifferential operation, reinforcing the NF advantage of the degenerated CS 
stage over the CG LNA. However, this result holds only if the design can employ two 
degeneration inductors, each having ha(f"the value of that in the single-ended counterpart. 
This is difficult with bond wires as their physical length cannot be shortened arbitrarily. 
Alternatively, the design can incorporate on-cbip degeneration inductors while converting 
the effect of the (inevitable) bond wire to a common-mode inductance. Figure 5.72 shows 
such a topology. With perfect symmetry, the bond wire inductance has no effect on the 
differential impedance seen between the gate-s. Nonetheless, as explained in Chapter 7, 
on-chip inductors suffer from a low quality factor (e.g., a high series resistance), possibly 
degrading tbe noise ligure. We compare the power consumptions of the single-ended and 
differential implementations in Problem 5.22. 

/ 
On-Chip 

Inductors 

Bond 
Wire 

Figure 5.72 Differemial CS srage wirh 011-chip degenerarion i11ducrors. 

The NF advantage implied by Eq. (5.1 57) may not materialize in reality because the 
loss of the balun is not negligible. 

Is it possible to use a d ifferen tial pai r to convert the single-ended antenna signal to 
differential form? As shown in Fig. 5.73(a), the signal is applied to one input while the other 
is tied to a bias voltage. At low to moderate frequencies, Vx and V1· are differential and the 
voltage gain is equal to 8m1.2Ro . At high frequencies, however, two effects degrade the 
balance of the phases: tbe parasitic capacitance at node P attenuates and delays the signal 
propagating from Mt to Mz, and the gate-drain capaci tance of Mt provides a non-inverting 
feedforward path around M 1 (whereas Mz does not contain such a path). 

.----,- Voo 

Ro 

(a) 

.----.., Voo 

Ro 

(b) 

Figure 5.73 Single-ended ro differenrial C011versio11 by (u) a simple dijjerenrial puh; (b) a differen
lial pair including tail resonance. 
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The capacitance at P can be nulled through the use of a parallel i_nductor [Fig. 5.73(b)) 
[9), but the CaDL feedforward persists. The tail inductor can be reali zed on-chip because 
its parallel equivalent res istanc-e at resonance (Rp = QLrwo) is typically much greater than 
1/ gm\.2· 

Example 5.26 

A student computes Cp in Fig. 5.73(b) as Csot + Csoz + Cc;sz. and selects the value of Lr 
accordingly. Is this an appropriate choice? 

Solution: 

No, it is not. For Lp to null the phase shift at P. it must resonate with only Csot + Cs82-
This point can be seen by examining the vol tage division at node P. As shown in Fig. 5.74, 
in the absence of CsBI + Cso2, 

(5.1 58) 

M, M2 
p 

\ I 
z, z2 

+ 
-= 

Figure 5.74 Impedances seen m rile common source ofdijj'erelllial pair. 

For Vp to be exactly equal to half of V;11 (with zero phase difference), we must have Z 1 = Z2. 

Since each impedance is equal to (gm + 8mb)- 1 II (Cc;ss) - I , we conclude that Ccsz must 
not be nulled.20 

The topology of Fig. 5.73(b) still does not prov ide input matching. We must therefore 
insert (on-chip) inductances in series wilh the sources of M 1 and M2 (Fig. 5.75). Here, Lp1 

and Ln resonate wi th Cp 1 and Cn, respectively, and Ls1 + Lsz provides the necessary 
input resistance. Of course, Ls1 + Lsz is realized as one inductor. However, as explained in 
Section 5.7, this topology exhibits a lower IP3 than that of Fig. 5.65(b). 

Balun Issues The foregoing development of differential LNAs has assumed ideall-to-1 
baluns. Indeed, ext.ernal baluns with a low loss (e.g., 0.5 dB) in the gigahertz range are 
avai lable from manufacturers, but they consume board space and raise the cost. Inte
grated baluns, on the other hand, suffer from a relatively high loss and large capacitances. 

20. But the parasitic capacitance of iss must be nulled. 
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Figure 5.75 Use of on-chip inductors for resonance and degeneration. 

c 

A B 

Figure 5.76 Simple planar 1-to-1 balun. 

Shown in Fig. 5.76 is an example, where two spiral inductors LAc and Leo are intertwined 
to create a high mutual coupling. As explained in Chapter 7, the resistance and capaci
tance associated with the spirals and the sub-unity coupl ing factor make such baluns less 
attractive. 

A student attempts to use a 1-to-N balun with a differential CS stage so as to amplify the 
input voltage by a factor of N and potentially achieve a lower noise figure. Compute the 
noise figure in this case. 

Solution: 

Illustrated in Fig. 5.77, such an arrangement transforms the source impedance to a value 
of N2Rs. requi ring that each half ci rcuit provide an input real part equal to N2Rsf2. Thus, 
L1wr = N2Rsf2, i.e., each degeneration inductance must be reduced by a factor of N2 

Since still half of the noise current of each input transistor flows to the output node, the 
noise power measured at each output is given by 

R2 
vJ.outl = v;_out2 = 4kTy 8ml-;f + 4kTR,. (5.159) 
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Figure 5.77 Use of 1-To-N balun i11 fm LNA. 

T he gain from V;11 to the differential output is now equal to NR 1j(2L 1wo) . Doubling the 
above power, dividing by the square of the gain, and normalizing to 4kTRs, we have 

( )2 ( )2 ?Y WO ?Rs wo 
NF = N- - g111 ,Rs - + 2N- - -- + 1. 

2 wr R1 WT 
(5.160) 

We note, with great d is tress, that the first two terms have risen by a factor of N2 !21 This 
is because the condition L1wt = N2 Rsf2 inevitably leads to an N2 -fold reduction in the 
transconductance of the circuit. T hus, even with the N-fold amplification of V;11 by the 
balun, the overall voltage gain drops by a factor of N. 

The reader may wonder if an N -to-1 (rather than 1-to-N) balun prove.s beneficial i.n 
the above example as it would multiply the first two terms of Eq. (5 .160) by I/N2 rather 
than N2. Indeed, off-chip baluns may provide a lower noise figure if L1 (a bond wire) can be 
reduced by a factor of N2. On the other hand, on-chip baluns with a non-uni ty turns ratio are 
difficul t to design and suffer from a higher loss and a lower coupling factor. Figure 5.78(a) 
shows an example [5], where one spiral forms the primary (secondary) of the balun and 
the series combination of two spirals constitutes the secondary (primary) . Alternatively, as 
shown in Fig. 5.78(b), spirals having different numbers of turns can be embedded ( 10]. 

5.6.2 Other M ethods of IP2 Improvem ent 

The difficulty with the use of off-chip or on-chip baluns at the input of differential LNAs 
makes single-ended topologies still an attractive choice. A possible approach to raising the 
IP2 entails simply filtering the low-frequency second-order i.ntermodulation product, called 
the be.at component in Chapter 4. Ulustrated in Fig. 5.79, the idea is to remove the beat by 
a s imple high-pass fil ter (HPF) following the LNA. For example, suppose two interferers 

21 . Assuming that Smt and wr remain unchanged. 
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(a) (b) 

Figure 5.78 Realization of 1-to-2 balun as (a) swcked spirals, (b) embedded spirals. 

: ......................... .. : 

Figure 5.79 Removal of low{requency bear by jirst·order high-puss filte r. 

are located at the edges of the 2.4-GHz band,.fi = 2.4GHz and.fi = 2.480GHz. The beat 
therefore lies at 80 MHz and is attenuated by approximately a factor of 2400/ 80 = 30 for 
a first-order HPF. With this substantial suppression, the IP2 of the LNA is unlikely to limit 
the RX performance, calling for techniques that improve the IP2 of mixers (Chapter 6). 

Example 5.28 

A student considers the above calculation pessimistic, reasoning that an 80-MHz beat leak
ing to the baseband of an 11 b/g or Bluetooth receiver docs not fall within the desired 
channel. Is the student correct? 

Solution: 

Yes, the student is correct. For a direct-conversion 11 b/g receiver, the baseband signal 
spans - J 0 MHz to +I 0 MHz. Thus. the worst-case beat occurs at 10 MHz. e.g .. between 
two interferers at 2.400 GHz and 2.410 GHz. Such a beat is attenuated by a factor of 
2400/10 = 240 by the first-order HPF. 

The filtration of the IM2 product becomes Jess effective for wider communication 
bands. For example, if a receiver must accommodate frequencies from I GHz to I 0 GHz, 
then two interferers can produce a beat within. the band, prohibi ting the use of fi lters to 
remove the beat. In this case, the LNA may become the receiver's IP2 bottleneck. 
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5.7 NONLINEARITY CALCULATIONS 

T he general behavior of nonli.near systems was formulated in Chapter 2. In th is section, we 
develop a methodology for computing the nonlinear characteristics of some circuits. 

Recall from Chapter 2 that systems with weak static nonlineari ty can be approximated 
by a polynomial such as y = a 1x + tvzx2 + <l'J.~. Let us devise a method for computing 
a 1-a3 for a given circuit. In many circuits, it is difficult to derive y as an explici t function 
of x. However, we recognize that 

oy 
<l' t = ox i.,=O 

1 a2y 
<l'2 = l ox2 ix=O 

1 a3y 
O'J = --3 1x=O· 

6ox 

(5.161) 

(5.162) 

(5.163) 

T hese expressions prove useful because we can obtain the derivatives by implicit differen
tiation. It is important to note that in most cases, x = 0 in fact corresponds to the bias point 
of the circuit with no input perturbation. ln other words, the total y may not be zero for 
x = 0. For example, in the common-source stage of Fig. 5.80, M 1 is biased at a gate-source 
voltage of Vcso = Vb and V;n is superimposed on this voltage. 

Figure 5.80 CS swge wilh gclle bios. 

5. 7.1 Degenerated CS Stage 

As an example, let us study the resistively-degenerated common-source stage shown in 
Fig. 5.81 , 

Figure 5.81 CS stage for nonlinearity calculations. 
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assuming the drain current is the output of interest. We wish to compute the IP3 of the 
c ircuit. For a simple square-law device 

(5. 164) 

where K = ( l / 2)J1-11 C0 _,(W I L) and channel-length modulation and body effect are 
neglected. Since V cs = V;" - Rsl v, 

and hence 

We also note that 

olo ( olo) -. - = 2K(V;, - Rslo - VTH) 1 - Rs - . 
a~ a~ 

olo 
g, = -- = 2K(Vcs - VTH) 

iJVcs 

= 2K(V;,o - Rsloo - VrH), 

where V;11Q ( = Vt>) and ioo denote the bias values. Thus, in the absence of signals, 

olv 8m 
a V;n I ViiiO = 0' L = _l_+_;:_g_m_,R-s ' 

an expected result. 
We now compute the second derivative from Eq. (5.166): 

With no signals, (5.168) and (5.169) can be substituted in (5.170) to produce 

<J2Io 2K 
, V2 IViiiO = 2a2 = 
u (1 + 8mRs)3 · m 

Lastly, we determine the third derivative from (5.170): 

(5.165) 

(5 .166) 

(5.167) 

(5.168) 

(5.169) 

(5.170) 

(5.171) 

;Piv ( olv) ( a
2
10 ) ( <Jiv) ( a

2
10 ) -- = 4K I - Rs- - R5-- + 2K I - Rs - - R5--<JV3 av;, av2 av;, av2 

m m 1n 

which, from (5.169) and (5.171) reduces to 

()3 / D . 
--IVi-" = 6a· = av3 "" _, 

m 

-12K2Rs 
(I + 8mRs)5 · 

(5.172) 

(5.173) 
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While lengthy, the foregoing calculations lead to interesting results. Equation (5.173) 
reveals that 0'3 = 0 iJ Rs = 0 , an expected outcome owing to the square-Jaw behavior 
a%umed for the transistor. Additionally, at and O'J have opposite signs, implying a com
pressive characteristic- whereas the undegenerated transistor would exhibit an expansive 
behavior. In other words, re-sistive degeneration of a square-law device creates third-order 
distortion. 

To compute the I P3 of the stage, we write from Chapter 2, 

Aur3 = 
4 0' J 
- 1- 1 
3 0'3 

(5.174) 

(5.175) 

The 1-dB compre-ssion point follows the same expression but lowered by a factor of 3.03 
(9.6dB). 

The reader may wonder if the above analysis of nonlinearity confuses large-signal and 
small -signal operations by expression <X t·O'J in terms of the device transconductance. lt is 
helpful to bear in mind that 8m in the above expressions is merely a short-hand notation for 
a constant value, 2K(V;11o - Rslvo - VrH), and independent of the input. It is, of course, 
plausible that a 1 -a3 must be independent of the input; otherwise, the polynomial 's order 
exceeds 3. 

Example 5.29 

A student measures the lP3 of the CS stage of Fig. 5.81 in the laboratory and obtains a 
value equal to half of that predicted by Eq. (5.175). Explain why. 

Solution: 

T he test setup is shown in Fig. 5.82, where the signal generator produces the required 
input.22 The discrepancy arises because the generator contains an internal output resis
tance Rc = 50 Q, and it assumes that the circuit under tes t provides input matching, 
i.e., Z;11 = 50 Q. The generator's display therefore shows Ao/2 for the peak amplitude. 

Signal Generator i ~:% m,··--·-¥,RI\-·~·-··,_· -~-'-X'---IC ~:. 

L ..................... ~ .......... .i Zln = 
Figure 5.82 CS stage driven by finite signal source impedance. 

(Continues) 

22. In reality. the outputs of rwo generators are summed for a rwo-rone resr. 
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The simple CS stage, on the other hand, exhibi ts a high input impedance, sensing a peak 
amplitude of Ao rather than Ao/2. Thus, the level that the student reads is half of that 
applied to the c ircuit. This confusion arises in IP3 measurements because this quantity has 
been tradi tionally defined in terms of the available input power. 

Example 5.30 

Compute the IP3 of a common-gate stage if the input is matched. Neglect channel-length 
modulation and body e ffect 

Solution: 

The circuit is shown in Fig. 5.83, where we have 
, 

lv = K(Vt>- V;" -lvRs - Vm )· , 

to 

Figure 5.83 CG s1age jor 110nlinearily wlculmions. 

and K = (1 f 2)JL11C0x(W f L). Differentiating both sides with respect to V;,. gives 

a!v ( <Jlv) -- = 2K(Vt>- V;"- ToRs- VTH) -I - Rs-. - . 
a~ a~ 

(5 .176) 

(5. 177) 

In the absence of signals, 2K(Vt>- V;t~Q- TvoRs- VTH) is equal to the transconductance 
of M 1 , and hence 

8/v 
1 

-g,. 
-- VinO = 
8V;11 1 + gmRs 

(5. 178) 

The second derivative is identical to that of the CS stage. Eq. (5 .1 7 J ): 

8210 2K 

iJ y2 I Vi"O = (I + R )3 , m Cm S • 
(5. J 79) 

and the third derivative emerges as 

(5. 180) 
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Thus, the IP3 expression in Eq. (5.175) applies here as well. For input matching, Rs = I jg,. . 
However, as explained in Example 5.29, the definition of IP3 is based on the available 
signal power, i.e., that which is del ivered to a matched load. Thus, the peak value predicted 
by Eq. (5. 175) must be divided by 2, yielding 

(5.181) 

(5 .182) 

where V cso denotes the bias value of the gate-source voltage . 

5.7.2 Undegenerated CS Stage 

Consider the CS stage shown in Fig . 5.80. Submicron transistors substantially depart from 
square-law characteristics. The effect of mobiJity degradation due to both vertical and 
lateral fields in the channel can be approximated as 

1 W (Vcs - VTH)2 

Tv = 2 JLoCox L Jl.O , 
I + (-- + B)(Vcs- VTH) 

2v.ML 

(5.183) 

where Jl.O denotes the zero-field mobility, v,"' the saturation velocity of the carriers, and B 
the effect of the vertical field [ II]. If the second term in the denominator remains much less 
than unity, we can write (l + s)- 1 ""' 1 - sand hence 

(5.184) 

The input signal, V;11 , is superimposed on a bias voltage, V cso = Vl> · We therefore replace 
V GS with V;n + V cso. obtaining 

lv "" K[2- 3ci (Vcso- VTH) ](Vcso - Vrn)V;" + K[l - 3a(Vcso - Vrn)]V~, 
3 2 ° - KaV;11 + K (Vcso - VTH) - aK(Vcso - VTH)\ (5.185) 

where K = ( 1/ 2)JLoC0 x(W / L) and a = JLo/ (2vsmL) + B. We recognize the coefficient of V;,, 
as the transconductance (8lof 8V;11 ) and the last two terms as the bias current. It follows 
that 

a1 = K(2- 3a(Vcso- VrH))(Vcso- VTH) 

a 3 = -Ka. 

(5 .186) 

(5.187) 
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2 

Figure 5.84 Behavior of IP3 as a fimction of o••erdrive. 

The lP3 is given by 

J4 2 - 3a(Vcso - VTH) 
AurJ = - x (Vcso - Vm) 

3 a 
(5 .1 88) 

8 
- (Vcso - Vm) 

= 3 l"o - 4(Vcso - VtH)z . 
....:.....::..... + e 
2 vswL 

(5.189) 

We note that the JP3 rises with the bias overdrive voltage, reaching a maximum of 

(5.190) 

at Vcso- Vru = (3a)- 1 (Fig. 5.84). 

If the second term in the denominator of Eq. (5.183) is only somewhat less than unity, a 
better approximation must be used, e.g., ( I + E) - I ::::: I - E + t 2 . Compute a 1 and a3 with 
this approximation. 

Solution: 

The additional tenn a2(Vcs - VTH)2 is multiplied by K(Vcs - Vm)2, yielding two terms 
of interest: 4Ka2V;,.(Vcs - Vm)3 and 4Ka2V;~,(Vcs - Vm). The former contributes to Cl't 

and the latter to a3. It follows that 

? ? 
a t = K[2- 3a(Vcso- Vm) + 4a·(Vcso- Vm)·J(Vcso- Vm) 

0:3 = - Ka[l - 4a(Vcso - VrH)]. 

(5. 191) 

(5.192) 
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5.7.3 Differential and Quasi-Differential Pairs 

In RF systems, differential signals can be processed using the differential pair shown in 
Fig. 5.85(a) or the "quasi -differential" pair depicted in Fig. 5.85(b). The two topologies 
exhibit d istinctl y different nonlinear characteristics. We know from our above analysis that 
the dependence of the mobility upon vertical and lateral fields in the channel results in 
third-order nonlinearity in the quasi-differential pair and an IP3 given by Eq. (5.189). To 
study tbe nonlinearity of the standard differential pair, we recall from basic analog circuits 
that 

4/ss 
w 

jL,.Cox L 

- y2 
in• 

where V;,, denotes the input differential voltage. If IV;,. I « I ss/ (J.t, .. C0 xW / L), then 

T bat is, 

and hence 

4/ss 
w 

" c -,-n Q,'t L ( 

? ) 
I V;;, 

1-
2 4Iss · 

JLnCoxW / L 

( 
w) J/2 1 

CI'J = - JLnCox L 8.j!SS' 

Aur3 = / 6Iss 
\ JLnCoxWf L 

= .J6(Vcso - V·rH), 

(5.193) 

(5.194) 

(5.195) 

(5.196) 

(5.1 97) 

(5.1 98) 

where (Vcso- Vm) is the overdrive voltage of each transistor in equilibrium (V;11 = 0).23 

(a) 

o-11--+---iL 
vt•o--+-+---t--11---' 

(b) 

Figure 5.85 (a) Differential and (b) qllasi·differelllial pairs. 

23. Note that ooe transistor turns off if the differential input reaches h <Voso - VTH ) . 
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Interestingly, the standard differential pair suffers from third-order nonlinearity even in 
the absence of field-dependent mobi li ty (i.e. , with square-law devices) . For this reason, the 
quasi-differential pair of Fig. 5.85(b) is preferred in cases where linearity is imponant. In 
fact, it is for this reason that the differential CS LNA of Fig. 5 .65(b) does not employ a tail 
current source. The quasi-differential pair also saves the voltage headroom associated with 
the tail current source, proving more attractive as the supply voltage is scaled down. 

5 .7.4 Degenerat ed Differential Pair 

Consider the degenerated pair shown in Fig. 5.86, where /DI - ID2 is the output of interest. 
S i.nce lo t + /02 = 2/o, we have o(/01 - 102)/oV;n = 2(} /Di fo V;,. Also, V;nt - Vest -
IsRs = V;"2 - Vcsz and Is = / 01 - Io . It follows that 

(5.199) 

where V;11 = V;11J - V;11z and K = ( I /2)J.L,C0x(W I L). Differentiating both sides with respect 
to V;11 yields 

iJ /DI [ I ( 1 1 )] -- Rs + -- -- + -- = I 
(} V;n 2-/K .JTDi .JTiJ2 . 

At V;11 = 0, lv t = /02 and 
I 

O!t = --~ 2 ' 
Rs + 

gill 

(5.200) 

(5.201) 

where 8m = 21of(Vcso - VTH) . Differentiating both sides of (5.200) with respect to V;, 
gives 

o2
1Dl [Rs + _1_ (-1- + _1_)] _ (J !DI [-1- (-l_ o/DI + _1_ o/02 ) ] = O 

oVl, 2-/K ,JTi)i .JTi)2 iJV;" 4-/K !'ift2 iJV;11 !'ifz2 iJV;11 • 

(5.202) 

Note that for V,:,, = 0, we have <Pi oiffJ Vl, = 0 because fJIDlfo V;,, = - fJ lm/oV;,, and the 
term in the second set of square brackets vanishe.s. Differentiating once more and exploiti ng 

lo1 lo2 

vln1 o-j M1 Rs 1-<> vln2 

..... 
lo + Is lo 

., ., 
Figure 5.86 Degenerated dijj'eremial pair. 

Problems 

this fact, we have 
o3/m - 3 

I o - ----::--- = 6a3. 1J V3 Vin= - 2 4 2 
"' (Rs + - ) gmlo 

g, 

l t follows that 6a3 = o\IDI -loz)fiJ V(,, = 2iJ 31Di fo Vfn . We now have that 
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PROBLEMS 

5.1. Assuming Z,:,, = x + j y, derive an equation for constant-r contours in Fig. 5.4. 

5.2. If Rp = Rs and g111Rs ::::: 1, determine the NF in Eq. (5.18) by considering the first 
three terms. What value of 8m is necessary to achieve a noise ligure of 3.5 dB? 

5.3. Repeat Example 5.5 by solving the specific network shown in Fig. 5.1 O(a) . 

5.4. Determine the noise figure of the stages shown in Fig. 5.87 with respect to a source 
impedance of Rs. Neglect channel-length modulation and body effect. 
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(a) (b) (c) (d) 

Figure 5.87 Stages for NF calculation. 

5.5. For the inductively-loaded CS stage of Fig. 5.11 (b), determine V011t/V;, and find the 
vol tage gain at the resonancefrequency, wo = I I .j L1 (Ct + Cp), if IJCtwol « g,.. 

5.6. For the CS stage of Fig. 5.13(a), determine the closed-loop gain and noise figure if 
channel-length modulation is not neglected. Assume matching at the input. 

5.7. For the complementary stage shown in Fig. 5.15, determine the closed-loop gain and 
noise figure if channel-length modulation is not neglected. Assume matching at the 
input. 

5.8. For the CG stage of Fig. 5. 16(a), compute the noise figure at the output resonance 
frequency if g,. 'f 1/ Rs. How can g,. be chosen Lo yield a noise figure lower than 
I + y + 4Rs/ Ra? 

5.9. A circui t exhibi ts a noise figure of 3 dB. What percentage of the output noise power 
is due to the source resistance, Rs? Repeat the problem for NF = I dB. 

5.1 0. Determine the noise figure of the CG circuits shown in Fig. 5.17. 

5.11. In Example, 5. 10, we concluded that the noise of M2 reaches the output unatten
uated if w is greater than (R ICx) - 1 but much less than g,.2/(Ccs2 + Cx). Does 
such a frequency range eJliSL? ln other words, under what conditions do we have 
(Rt Cx) -I < w « g,.z f (CGS2 + Cx) > '1 Assume g,a ~ 8m 1 and recall that 8mtRt 
is the gain of the LNA and Cx is on the order of CsG2· 

5.12. If La in Fig. 5.34 suffers from a series resistance of Rt, determine the noise figure of 
the circui L. 

5.13. The LNA shown in Fig. 5.88 is designed to operate with low supply voltages. Each 
inductor is chosen to resonate with the total capacitance at i.Ls corresponding node 
at the frequency of interest. Neglect channel-length modulation and body effect and 
the noise due to the loss in L2. Determine the noise figure of the LNA wi th respect 
Lo a source resistance Rs assuming that L1 can be viewed as a resistance equal Lo 
R, at the resonance frequency. Make sure the result reduces to a familiar form if 
R, -> oo. (Hint: the equivalen t transconductance of a degenerated common-source 
stage is given by g111 /(l + gmRJ ), where R1 denotes the degeneration resistance.) 

5.14. Determine S11 for both topologies in Fig. 5.40 and compute the maximum deviation 
of the center frequency for which S 11 remains lower than - I 0 dB. 
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Voo 
L1 

Rs r Vout 
vln<>---'M------1 Ml vb 

-: 

Figure 5.88 Fo/ded-cascode LNA. 

5.15. Repeat the analysis of the CG stage in Fig. 5.43 while including channel-length 
modulation. 

5.1 6. 

5.17. 

5.18. 

5.19. 

5.20. 

Repeat the NF analysis of the CG stage in Fig. 5.43 whi le including the noise of the 

feedback network as a voltage, VJp, in series with its input. 

Prove that the input-referred noise of the feedforward amplifier in Fig. 5.45(a) 
manifests itself as the fourth term in Eq. (5.124). 

Repeat the analysis of the CG stage of Fig. 5.45(a) while including channel-length 
modulation. 

Is the noise of Rr in Fig. 5.48(b) cancelled? Explain. 

For the circuit shown in Fig. 5.89, we express the input-output characteristic as 

~ 

lout - lo = a 1 (V;" - Vo) + a2(V;" - Vo)· + · · · , (5.205) 

where /o and Vo denote the bias values, i.e., the values in the absence of signals . We 
note that &loutfiJV;" = a1 at V;" = Vo (or lout = lo). Similarly, of~111/o 2 V;, = Za2 at 
V;, = Vo (or lout = lo). 

(a) Write a KVL around the input network in terms of V;11 and lout (with no Vcs). 
Differentiate both sides implicitly with respect to V;,. You will need Lllis equation 
in part (b). Noting that 2.jKIQ = g,., where K = iJ-nCoxW / L, find of011tfoV;, and 
hence C!J . 

(b) Differentiate the equation obtained in part (a) with respect to V;,, once more and 
compute a2 in terms of lo and g,. . 

(c) Determine the IP2 of the circuit. 

Figure 5.89 Stage for IP1 calculation. 
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5.21. Determine the noise figure in Example 5.21 if the gain is reduced by 3 dB. 

5.22. Compare the power consumptions of the single-ended and differential CS stages 
discussed in Section 5.6.1 . Consider two cases: (a) the differential stage is derived 
by only halving Lt (and hence has a lower noise figure), or (b) the differential stage 
is designed for the same NF as the single-ended circuit. 

5.23. Repeat the analysis of the d ifferential CG stage NF if a 1-to-2 balun is used. Such a 
balun provides a voltage gain of 2 . 

5.24. Consider a MOS transistor configured as a CS stage and operating in saturation. 
Determine the /?3 and P1118 if the device (a) follows the square-law behavior, I o <X 

(Vcs - VTH)2, or (b) exhibits field-dependent mobility [Eq. (5.183)]. (Hint: /P3 and 
P 1dB may not be related by a 9.6-dB difference in th.is case.) 

CHAPTER 

6 
MIXERS 

In this chapter, our study of bui lding blocks focuse-s on downconversion and upconversion 
mixers, which appear in the receive path and the transmit path, respectively. Whi le a decade 
ago, most mixers were realized as a Gilbert cell , many more variants have recently been 
introduced to satisfy the specific demands of different RX or TX architectures. In other 
words, a stand-alone mixer design is no longer meaningful because its ultimate perfor
mance heavily depends on the circuits surrounding it. T he outli ne of the c hapter is s hown 
below. 

Upconversion General 
Considerations Passive Mixers Active Mixers Improved Mixer Topologies Mixers 

• Mixer Noise Figures 
• Port-to- Port Feedthrough 
• Single- Balanced and 

Double-Balanced Mixers 

• Passive and Active Mixers 

• Conversion Gain • Conversion Gain • Active Mixers with Current 
• Noise • Noise Source Helpers 
• Input Impedance • Linearity 
• Current-Driven 

Mixers 

• Active Mixers with High IP2 
• Active Mixers with Low 

Flicker Noise 

6.1 GENERAL CONSIDERATIONS 

• Passive Mixers 
• Active Mixers 

Mixers perform frequency translation by multiplying two waveforms (and possibly their 
harmonics). As such, mixers have three distinclly d ifferent ports . Figure 6.1 shows a 
generic transceiver environment in which mixers are used. In the receive path, the down
conversion mixer senses the RF signal at its "RF port" and the local oscillator waveform 
at its "LO port." T he output is called the "IF port" i.n a heterodyne RX or the "baseband 
port" in a direct-conversion RX. Similarly, in the transmit path, the upconversion mixer 
input sensing the lF or the baseband signal is called the IF port or the baseband port, and 
the output port is called the RF port. The input driven by the LO is called the LO port. 

How linear should each input port of a mixer be? A mixer can simply be realized 
as depicted in Fig. 6.2(a), where V w turns the switch on and off, yielding VJF = V RF or 




