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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 s tage 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 differential 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, Io <X 

(Vcs- VTH)2, or (b) exhibits field-dependent mobility [Eq. (5.183)]. (Hint: /P3 and 
P1dB may not be related by a 9.6-dB difference in th.is case.) 

CHAPTER 

6 
MIXERS 

In this chapter, our study of building blocks focuse-s on downconversion and upconversion 
mixers, which appear in the receive path and the transmit path, respectively. While 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. The outline of the chapter is shown 
below. 
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• Mixer Noise Figures 
• Port-to-Port Feedthrough 
• Single-Balanced and 

Double-Balanced Mixers 
• Passive and Active Mixers 
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Flicker Noise 
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6.1 GENERAL CONSIDERATIONS 

Mixers perform frequency translation by multiplying two waveforms (and possibly their 
harmonics). As such, mixers have three distinclly different 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." The 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 
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Figure 6.1 Role of mixers in a generic transcei vet: 
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Figure 6.2 (a) Mixer using an ideal switch, (b) input and output spectra. 

V!F = 0. As explained in Chapter 2, with abrupt switching, the operation can be viewed 
as multiplication of the RF input by a square wave toggling between 0 and 1, even if Vw 
itself is a sinusoid. Thus, as illustrated in Fig. 6.2(b), the circuit mixes the RF input with 
all of the LO harmonics, producing what we called "mixing spurs" in Chapter 4. In other 
words, the LO port of this mixer is very nonlinear. The RF port, of course, must remain 
sufficiently linear to satisfy the compression and/or intermodulation requirements. 

The reader may wonder if the LO port of mixers can be linearized so as to avoid mixing 
with the LO harmonics. As seen later in thi.s chapter, mixers suffer from a lower gain and 
higher noise as the switching in the LO port becomes less abrupt. We therefore design mix­
ers and LO swings to ensure abrupt switchjng and deal with mixing spurs at the architecture 
level (Chapter 4). 

6.1.1 Performance Parameters 

Let us now consider mixer performance parameters and their role in a transceiver. 

Noise and Linearity In a receive chain, the input noise of the mixer following the LNA 
is divided by the LNA gain when referred to the RX input. Similarly, the IP3 of the mixer 
is scaled down by the LNA gain. (Recall from Chapter 5 that the mixer noise and IP3 
are divided by different gains.) The design of downconversion mixers therefore entails a 
compromise between the noise figure and the IP3 (or PI dB)- Also, the designs of the LNA 
and the mixer are inextricably linked, requiring that the cascade be designed as one entity. 

Where in the design space do we begin then? Since the noise figure of mixers is rarely 
le.ss than 8 dB, we typically allocate a gain of 10 to 15 dB to the LNA and proceed with 
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the de-sign of the mixer, seeking to maximize its linearity while not raising its NF. If the 
resulting mixer design is not satisfactory, some iteration becomes necessary. For example, 
we may decide to further linearize the mixer even if the NF increases and compensate for 
the higher noise by raising the LNA gain. We elaborate on these points in various design 
examples in this chapter. 

In di1·ect-conversion receivers, the IP2 of the LNA/mixer cascade must be maximized. 
In Section 6.4, we introduce methods of raising the IP2 in mixers. Also, as mentioned 
in Chapter 4, the mixing spurs due to the LO harmonics become important in broadband 
receivers. 

For upconversion mixers, the noise prove-s somewhat cri tical only if the TX output 
noise in the RX band must be very small (Chapter 4), but even such case-s demand more 
relaxed mixer noise performance than receive rs do. The linearity of upconversion mixers 
is specified by the type of modulation and the ba�eband signal swings. 

Gain Downconversion mixers must provide sufficient gain to adequately suppress the 
noise contributed by subsequent stages. However, low supply voltage-s make it difficult to 
achieve a gain of more than rougbly lOdB while retaining linearity. Thus, the noise of 
stages following the mixer still proves critical. 

In direct-conversion transmitters, it is desirable to maximize the gain and hence the 
output swings of upconversion mixers, thereby relaxing the gain required of the power 
amplifier. In two-step transmitters, on the other hand, the IF mixers must provide only a 
moderate gain so as to avoid compressing the RF mixer. 

The gain of mixers must be carefully defined to avoid confusion. The "vol tage con­
version gain" of a downconversion mixer is given by the ratio of the nns voltage of the IF 
signal to the rms vol tage of the RF signal. Note that the-se two signals a1·e centered around 

two different frequencies. The voltage conversion gain can be measured by applying a 
sinuso.id at WRF and finding the amplitude of the downconverted component at WfF· For 
upconversion mixers, the voltage conversion gain is defined in a similar fashion but from 
the baseband or IF port to the RF port. 

ln traditional RF and microwave design, 1nixers are characterized by a "power conver­

sion gain," defined as the output signal power divided by the input signal power. But in 
modern RF design, we prefer to employ voltage quantities because the input impedances 
are mostly imaginary, making the use of power quantities difficult and unnecessary. 

Port-to-Port Feed through Owing to device capacitances, mixers suffer from unwanted 
coupling (feedthrough) from one port to another [Fig. 6.3(a)]. For example, if the mixer 

� RF o • 0 • IF 

�trr 
LO 

(a) (b) 

Figure 6.3 (a) Feed through mechanisms in a mixer. (b)feedthrough pmhs in o MOS mixer. 
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Figure 6.4 Effect of LO-RF feeclthrough. 

is realized by a MOSFET [Fig. 6.3(b)], then the gate-source and gate-drain capacitances 
create feedthrough from the LO port to the RF and IF ports. 

The effect of mixer port-to-port feedthrough on the performance depends on the 
architecture. Consider the direct-conversion receiver shown in Fig. 6.4. As explained in 
Chapter 4, the LO-RF feedthrough proves undesirable as it produces both offsets in the 
baseband and LO radiation from the antenna. Interestingly, this feedthrough is entirely 
determined by the symmetry of the mixer circuit and LO waveforms (Section 6.2.2). The 
LO-IF feedthrough is benign because it is heavily suppressed by the baseband low-pass 
filter(s). 

Example 6.1 
Consider the mixer shown in Fig. 6.5, where Vw = v, cos wwt + Vo and Ccs denotes the 
gate-source overlap capacitance of M1• Neglecting the on-resistance of M1 and assuming 
abrupt switching, determine the de offset at the output for Rs = 0 and Rs > 0. Assume 
RL»Rs. 

Figure 6.5 LO·RF feedrhrough in o MOS device ope ruling us o mixer. 

Solution: 

The LO leakage to node X is expressed as 

V _ RsCcss 
V x - RsCcss + 1 w

, 
(6.1) 
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because even when M 1 is on, node X sees a resistance of approximately Rs to ground. With 
abrupt switching, this voltage is multiplied by a square wave toggling between 0 and I. 
The output de offset results from the mixing of Vx and the first harmonic of the square 
wave. Exhibiting a magnitude of 2 sin(rr /2) /rr = 2/rr, this harmonic can be expressed as 
(2/rr ) cos wwt, yielding 

2 
V0u,(1) = Vx(l) X -cos WLQI + 7r 

RsCcsww 2 
= Vt cos(wwt + ¢) x- coswwt + J R}Cbswlo + 1 rr 

where¢= (rr /2) - tan-1 (RsCcsww). The de component is therefore equal to 

As expected. the output de offset vanishes if Rs = 0. 

(6.2) 

(6.3) 

(6.4) 

The generation of de offsets can also be seen intuitively. Suppose, as shown in Fig. 6.6, 
the RF input is a sinusoid having the same frequency as the LO. Then, each time the switch 
turns on, the same portion of the input waveform appears at the output, producing a certain 
average. 

The RF-LO and RF-IF feedthroughs also prove problematic in direct-conversion 
receivers. As shown in Fig. 6.7, a large in-band interferer can couple to the LO and 
injection-pull it (Chapter 8), thereby corrupting the LO spectrum. To avoid this effect, 

t 

Figure 6.6 Ojjse1 genertaed by LO leakage. 
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LNA RF-IF Feedthrough 

��8--

Figure 6.7 Effect ofRF-LO feed through in a direct-conversion recei••er. 

a buffer is typically interposed between the LO and the mixer. Also, as explained in 
Chapter 4, the RF-IF feedthrough corrupts tbe baseband signal by tbe beat component 
resulting from even-order distortion in the RF path. (fhis phenomenon is characterized by 
the IP2.) 

Now, consider the heterodyne RX depicted in Fig. 6.8. Here, the LO-RF feedthrough is 
relatively unimportant because (I) the LO leakage falls outside the band and is attenuated 
by the selectivity of tbe LNA, tbe front-end band-select filter, and the antenna; and (2) the 
de offset appearing at the output of the RF mixer can be removed by a high-pa�s filter. The 
LO-IF feedthrough, on the other hand, becomes serious if WJF and ww are too close to 
allow filtering of the latter. The LO feedthrough may then desensitize the IF mixers if its 
level is comparable with their 1-dB compression point. 

Figure 6.8 Effect of LO feet/through in a heterodyne RX. 

Example 6.2 
Shown in Fig. 6.9 is a receiver architecture wherein ww = WRF/2 so that the RF channel 
is translated to an IF of WRF - ww = ww and subsequently to zero. Study the effect of 
port-to-port feedthroughs in this architecture. 
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Example 6.2 (Continued) 

I Q 

Figure 6.9 Half-RF RX architec/llre. 

Solution: 

For the RF mixer, the LO-RF feedthrough is unimportant as it lies at WRF /2 and is sup­
pressed. Also, the RF-LO feedthrough is not critical because in-band interferers are far 
from the LO frequency, creating little injection pulling. (Interferers near the LO frequency 
are auenuated by the front end before reaching the mixer.) The RF-IF feedthrougb proves 
benign because low-frequency beat components appearing at the RF port can be removed 
by high-pass filtering. 

The most critical feedthrough in this architecture is that from the LO port to the IF 
port of the RF mixer. Since W!F = ww, this leakage lies in the center of the IF channel, 
potentially desensitizing the IF mixers (and producing de offsets in the baseband). Thus, 
the RF mixer must be designed for minimal LO-IF fcedthrough (Section 6.1 .3). 

The IF mixers also suffer from port-to-port feedthroughs. Resembling a direct· 
conversion receiver, this section of the architecture follows the observations made for the 
topologies in Figs. 6.4 and 6.7. 

The port-to-port feedthroughs of upconversion mixers are Jess critical, except for the 
LO-RF component. As explained in Chapter 4, the LO (or carrier) feed through corrupts the 
transmitted signal constellation and must be minimized. 

6.1.2 Mixer Noise Figures 

Tbe no.ise figure of downconversion mixers is often a source of great confusion. For 
simplicity, Jet us consider a noiseless mixer with unity gain. As shown in Fig. 6."10, the 
spectrum sensed by the RF port consists of a signal component and the thermal noise of Rs 
in both the signal band and the image band. Upon downconversion, the signal, the noise 
in the signal band, and the noise in the image band are translated to WIF· Thus, the out­
put SNR is half the input SNR if the two noise components have equal powers, i.e., the 
mixer exhibits a flat frequency response at its input from the image band to the signal band. 
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Spectrum at X 

Spectrum at Y 

Signal 
Band 

Figure 6.10 SSB noisejig11re. 
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Image 
Band 

We therefore say the noise figure of a noiseless mixer is 3 dB. This quantity is called the 
"single-sideband" (SSB) noise figure to indicate that the desired signal resides on only one 
side of the LO frequency, a conunon case in heterodyne receivers. 

Now, consider the direct-conversion mixer shown in Fig. 6.11. ln this case, only the 
noise in the signal band is translated to the baseband, thereby yielding equal input and 
output SNRs if the mixer is noiseless. The noise figure is thus equal to 0 dB. This quantity is 
called the "double-sideband" (DSB) noise figure to emphasize that the input signal resides 
on both sides of (J)L(J. a conunon situation i.n direct-conversion receivers. 

Spectrum at X 

Spectrum at Y 

Signal 
Band 

__lit_ 
0 (I) 

Figure 6.ll DSB noise figure. 

Jn summary, the SSB noise figure of a mixer is 3 dB higher than its DSB noise figure 
if the signal and image bands experience equal gains at the RF port of the mixer. Typical 
noise figure meters measure the DSB NF and predict the SSB value by simply adding 3 dB. 

A student designs the heterodyne receiver of Fig. 6.12(a) for two ca�es: ( 1 )  (J)LOI is far from 
(J)RF; (2) (J)LOI lies inside the band and so does the image. Study the noise behavior of the 
receiver in the two cases. 
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Example 6.3 (Continued) 

RF 
Channel 

(a) 
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(I) 

(c) 
Figure 6.12 (a) Heterodyne RX, (b) downconversion of noise with image located our of bfmd, 

(c) downconversion of noise with image located in band. 

Solution: 

In the first case, the selectivity of the antenna, the BPE and the LNA suppresses the thermal 
noise in the image band. Of course, the RF mixer still folds its own noise. The overall 
behavior is illustrated in Fig. 6.12(b), where SA denotes the noise spectrum at the output 
of the LNA and S.,;x the noise in the input network of the mixer itself. Thus, the mixer 
down converts three significant noise components to IF: the amplified noise of the antenna 
and the LNA around uJRF. its own noise around (J)RF. and it� image noise around uJ;.,. 

In the second case, the noise produced by the antenna, the BPF, and the LNA exhibits 
a flat spectrum from the image frequency to the signal frequency. As shown in Fig. 6.12(c), 
the RF mixer now downconverts four significant noise components to IF: the output noise 
of the LNA around (J)RF and (1);.,, and the input noise of the mixer around (J)RF and (J);m. 

We therefore conclude that the noise figure of the second frequency plan is substantially 
higher than that of the first. In fact, if the noise contributed by the mixer is much less 

(Conrinues) 
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Example 6.3 ( Cominued) 
than that contributed by the LNA, the noise figure penalty reaches 3 dB. The low-IF 
receivers of Chapter 4, on the other hand, do not suffer from this drawback because they 
employ image rejection. 

NF of Direct-Conversion Receivers It is difficult to define a noise figure for receivers 
that translate the signal to a zero IF (even in a heterodyne system). To understand the issue, 
let us consider the direct-conversion topology shown in Fig. 6.13. We recognize that the 
noise observed in tbe I output consists of the amplified noise of the LNA plus the noise of 
the I mixer. (The mixer DSB NF is used here because the signal spectrum appears on both 
sides of ww.) Similarly, the noise in the Q output consists of the amplified noise of the 
LNA plus the noise of the Q mixer. 

I Mixer 

0-8--' 
LNA 

@-@--a 
Q Mixer 

Figure 6.13 Direct·CO/wersion RX for NF calculation. 

But, how do we define the overall noise figure? Even though the system has two output 
ports, one may opt to deline tbe NF witb respect to only one, 

NF = SNR;n = SNR;, 

SNR1 SNRQ' (6.5) 

where SNR, and SNRQ denote the SNRs measured at the I and Q outputs, respectively. 
Indeed, this is the most common NF definition for direct-conversion receivers. However, 
since the I and Q outputs are eventually combined (possibly in the digital domain), the 
SNR in the final combined output would serve as a more accurate measure of the noise 
performance. Unfortunately, the manner in which the outputs are combined depends on 
the modulation scheme, thus making it difficult to obtain the output SNR. For example, 
as described in Chapter 4, an FSK receiver may simply sample the binary levels in the I 
Output by the data edges in the Q output, leading to a nonlinear combining of the baseband 
quadrature signals. For these rea�ons, the NF is usually obtained according to Eq. (6.5), a 
somewhat pessimistic value because the signal component in the other output is ignored. 
Ultimately, the sensitivity of the receiver is characterized by the bit error rate, thereby 
avoiding the NF ambiguity. 
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Consider the simple mixer shown in Fig. 6.14(a). Assuming RL » Rs and the LO has a 
50% duty cycle, determine the output noise spectrum due toRs, i.e., assume RL is noiseless. 

(n) 

,···· ... 

'· 
2kTRs \, 2kTRs 

f 

\+3fLo = ----,!;0----1,� * I 0 
\ .... / 

(b) 
Figure 6.14 (a) Passive mixer, (b) i11p11t and ourpur sig11als in time and freque11cy domai11s. 

Solution: 

Since V0ur is equal to the noise of Rs for half of the LO cycle and equal to zero for the 
otber half, we expect tbe output power density to be simply equal to half of that of the 
input, i.e., v,7.0,1 = 2kTRs . (This is the one-sided spectrum.) To prove this conjecture, we 
view V, ,Q/11(t) as the product of Vn,Rs(t) and a square wave toggling between 0 and I .  The 
output spectrum is thus obtained by convolving the spectra of the two [Fig. 6.14(b)]. It is 
important to note that the power spectral density of the square wave has a sinc2 envelope, 
exhibiting an impulse with an area of 0.52 atf = 0. two with an area of ( 1  frr )2 atf = ±fw. 
etc. The output spectrum consists of (a) 2kTRs X 0.52, (b) 2kTRs shifted to the right and to 
the left by ±Ji.o and multiplied by (l /rr)2, (c) 2kTRs shifted to the right and to the left by 
±3/w and multiplied by [ 1/(3rr)]2, etc. We therefore write 

-, [ 1 2 2 2 ] 
V,; ollt = 2kTRs 2 + 2 + --2 + --2 + ... · 2 rr (3rr) (5rr) 

= 2kTRs - + - 1 + - + - + · · · . [ 1 2 ( l 1 )] 
22 rr2 32 52 

(6.6) 

(6.7) 

It can be proved that 1 -2 + r2 + 5-2 + . . . = rr 2/8. It follows that the two-sided output 
spectrwn is equal to kTRs and hence the one-sided spectrum is given by 

v;,out = 2kTRs . (6.8) 



348 Chap. 6. Mixers 

The above example leads to an important conclusion: if wb.ite noise is switched on 
and off with 50% duty cycle, then the resulting spectrum is still white but carries half the 
power. More generally, if wh.ite noise is turned on for t:,. T seconds and off for T -t:,. T 
seconds, then the resulting spectrum is still white and its power is scaled by t:,. T fT . This 
re-sult proves useful in the study of mixers and oscillators. 

6. 1.3 Single-Balanced and Double-Balanced Mixers 

The simple mixer of Fig. 6.2(a) and its realization in Fig. 6.3(b) operate with a single· 
ended RF input and a single-ended LO. Discarding the RF signal for half of the LO period, 
this topology is rarely used in modern RF design. Figure 6.15(a) depicts a more efficient 
approach whereby two switches are driven by differenLial LO phases, thus "commutating" 
the RF input to the two outputs. Called a "single-balanced" mixer because of the bal­
anced LO waveforms, this configuration provides twice the conversion gain of the mixer of 
Fig. 6.2(a) (Section 6.2.1 ). Furthermore, the circuit naturally provides differential outputs 
even with a single-ended RF i.nput, easing the design of subsequent stages. Also, as seen in 
Fig. 6.15(b), the LO-RF feedthrough at ww vanishes if the circuit is symmetric.' 

The single-balanced mixer of Fig. 6.1 5(b) nonetheless suffers from significant LO-IF 
feedthrough. In particular, denoting the coupling of Vw to V0,1t by + aVw and that from 
Vw to V0,a by -a Vw, we observe that V0,1t - V0,12 contains an LO leakage equal to 
2a Vw. To eliminate this effect, we connect two single-balanced mixers such that their 
output LO feedthroughs cancel but their output signals do not. Shown in Fig. 6.16, such a 
topology introduces two opposing feedthroughs at each output, one from V w and another 
from Vw. The output signals remain intact because, when Vw is high, V0,1t = v;F and 
Vout2 = VRF• and when Vw is high, Voutl = Vi(F and Vout2 = v;F. That is, Voutl - V0111z is 
equal to v;F - v;F. for a high LO and v;F - v;F for a low LO. 

Called a "double-balanced" mixer, the circuit of Fig. 6.16 operates with both balanced 
LO waveforms and balanced RF inputs. It is possible to apply a single-ended RF input 

VLO 
.:. 

r.vout1 RL 
L Vout1 M1 

VRF VLO VRF 
Vout2 

r.Voul2 RL L 
.,. 

(a) 

Figure 6.15 (a) Single-balanced passive mixet; (b) implementation of(a). 

I. Due 10 nonlineari!ies. a componem a! 2ww still teaks 10 the inpm (Problem6.3). 
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Figure 6.16 Double-balanced passive mixer. 

(e.g., if the LNA is single-ended) wb.ile grounding the other, but at the cost of a b.igher 
input-referred noise. 

Ideal LO Waveform What is the "ideal" LO waveform, a sinusoid or a square wave? 
Si.nce eacb LO in an RF transceiver drives a mixer/ we note from tbe above observations 
that the LO waveform must ideally be a square wave to ensure abrupt switching and hence 
maximum conversion gain. For example, in the circuit of Fig. 6.16(b), if Vw and Vw vary 
gradually, then they remain approximately equnl for a substantial fraction of the period 
(Fig. 6.17). During this time, all four transistors are on, treating VRF as a common-mode 
input. Tbat is, the input signal is "wasted" because it produces no differential component 
for roughly 2t:,. T seconds each period. As explained later, the gradual edges may also raise 
the noise figure. 

At very high frequencie-s, the LO waveforms inevitably resemble si.nusoids. We there­
fore choose a relatively large amplitude so as to obtain a high slew rate and ensure a 
minimum overlap time, t:,. T .  

I 

Figure 6.17 LO wm,eforms showing when the switches are on simultaneously. 

2. One exception is when an LO drives only a frequency divider !0 avoid injection pulti ng (Chapter 4 ). 
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Since mixers equivalently multiply the RF input by a square wave, they can down­
convert interferers located at the LO harmonics, a serious issue in broadband receiver. 
For example, an interferer at 3fw is attenuated by about only I 0 dB as it appea rs in the 
baseband. 

Passive and Active Mixers Mixers can be broadly categorized into "passive" and 
"active" topologies; each can be realized as a single-balanced or a double-balanced circuit. 
We study these types in the following sections. 

6.2 PASSIVE DOWNCONVERSION MIXERS 

The mixers illustrated in Figs. 6.15 and 6.16 exemplify passive topologies because their 
transistors do not operate as amplifying devices. We wish to determine the conversion 
gain, noise figure, and inp ut impedance of a certain type of passive mixe rs. We first assume 
that the LO has a duty cycle of 50% and the RF input is driven by a voltage source. 

6.2.1 Gain 

Let us begin with Fig. 6.1 8(a) and note that the input is multiplied by a square wave toggling 
between 0 and I. The first harmonic of this waveform has a peak amplitude of 2/rr and 
can be expressed as (2/rr) cos ww1. ln the frequency domain, this harmonic consists of 
two impulses at ±ww, each having an area of I /rr. Thus, as shown in Fig. 6.18(b), the 
convoluti on of an RF signal with these impulses creates the IF signal with a gain of 1/rr 

( "=' -lO dB). The conversion gain is therefore equal to 1/rr for abrupt LO switching. We 
call this topology a "return-to-zero" ( RZ) mixer because the output falls to zero when the 
switch turns off. 

VLO 

o-/p.viF 
RL 

(a) 

0 

1 1 

itt tit 

1 1 

{11 * ¢ nl1111n. 
• I • 

+(l)RF (l) -(l)LO 0 +(l)LO (l) -(l)I F 0 +(!) IF (l) 

(b) 
Figure 6.18 (a) In pill and outpur wavefo rms of a rewrn-to-zero mixer, (b) corresponding specJra. 
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Example 6.5 

Explain why the mixer of Fig. 6.18 is ill-suited to direct-conversion receivers. 

Solution: 

351 

Since the square wave toggling between 0 and I carries an average of 0.5, VRF itself also 
appears at the output with a conversion gain of 0.5. Thus, low-frequency beat compo­
nents resulting from even-order distortion in the preceding stage directly go to the output, 
yielding a low lP2. 

Example 6.6 

Detennine the conversion gain if the circuit of Fig. 6.18(a) is converted to a single-balanced 
topology. 

Solution: 

As illustrated in Fig. 6.19, the second output is similar tO the first but shifted by l 80
•
. 

Thus, the differenlial output contains twice the amplitude of each single-ended output. The 
conversion gain is therefore equal to 2/rr ("" -4dB). Providing differential outputs and 
twice the gain, this circuit is superior to the single-ended topology of Fig. 6.18(a). 

: 

t 
·. 

Figure 6.19 \Vtll'eformsfor passi••e mixer gain compurmion. 

Detennine the voltage conversion gain of a double-balanced version of the above topology 
[Fig. 6.20(a)]. (Decompose the differential output to return-to-zero wavefonns.) 

(Conrinues) 
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Example 6.7 (Cominued) 
� 

VLO 

·�nd}(m R, Vouu-Vout2 

v...,, • ' 
I / 

'iiq)tlrJ, c::> 

Voul2 • 
I •, / 

R2 .... u.. �UY 
VLO � 

(a) (�) 

Figure 6.20 (a) Double-balanced passive mixer. (b) olllput wcll'ejorms. 

Solution: 

In this case, V0ur1 is equal to v;F for one half of the LO cycle and equal to ViiF for the 
other half, i.e., R1 and R2 can be omitted because the outputs do not "ftoat." From the 
waveforms shown in Fig. 6.20(b), we observe that V011n - V01112 can be decomposed into 
two return-to-zero waveforms, each having a peak amplitude of 2 Vo (why?). Since each of 
these waveforms generates an JF amplitude of (I /rr)2Vo and since the outputs are 180• out 
of phase, we conclude that Vourl- V011a contains an IF amplitude of (l/rr)(4Vo). Noting 
that the peak differential input is equal to 2 Vo, we conclude that the circuit provides a 
voltage conversion gain of 2/rr, equal to that of the single-balanced counterpart. 

The reader may wonder why resistor RL is used in the circuit of Fig. 6. 18(a). What hap­
pens if the resistor is replaced with a capacitor, e.g., the input capacitance of the next stage? 
Depicted in Fig. 6.21 (a) and called a "san1pling" mixer or a "non-return-to-zero" (NRZ) 
mixer, such an arrangement operates as a sample-and-hold circuit and exhibits a higher 
gain because the output is held-rather than reset-when the switch turns off. ln fact, the 
output waveform of Fig. 6.21(a) can be decomposed into two a� shown in Fig. 6.21(b), 
where Yl (t) is identical to the return-to-zero output in Fig. 6.1 8(a), and y2(1) denotes the 
additional output stored on the capacitor when S 1 is off. We wish to compute the voltage 
conversion gain. 

We first recall the following Fourier transform pairs: 

(6.9) 

(6. 10) 

(6. 1 1 )  
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Figure 6.21 (a) Sampling mixe1; (b) output waveform decomposition. 

where TIII/(T/2) - 1/2] represents a square pulse with an amplitude of 1 between 1 = 0 
and 1 = T /2 and zero elsewhere. The right-hand side of Eq. (6. 1 1 )  can also be expressed as 
a sine. Since Y1 (I) is equal to x(t) multiplied by a square wave toggling between zero and l. 
and since such a square wave is equal to the convolution of a square pulse and a train of 
impulses [Fig. 6.22(a)], we have 

I 
0 

• 
I 

= 1 

.. 

··n - . 0 TLO I 
2 

(•) 

(b) 

(6.12) 

IF Component 
in Y1 (t) 

L\IL\. 
0 f 

Figure 6.22 (a) Decomposition of a square wm>e, (b) inptTI and outplll spectra corresponding 
10 Yl (1). 
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where Tw denotes the LO period. It follows from Eqs. (6.9) and (6.1 1 )  that 

Y,(j)  =X(f) * -. (1- e-JwTw/2) -. - L 8 f-- . [ 1 1 +co ( k )] 
JW Tw k = -co Tw (6.13) 

Figure 6.2 2 (b) shows the corresponding spectra. The component of interest in Y1 {f) lies at 
the IF and is obtained by setting k to ±I: 

Yt(f)J!F =X(f) * -. I- e J 1·0 -8 J±- . Ll ( -·wr /2) 1 ( I )] 
w ho Tw (6.14) 

The impulse, in essence, computes [ 1 / (jw))["l - exp(-jwTw/2 )) at ±1/Tw, which 
amounts to ±Twf(jrr ). Multiplying this re.sult by (1/ho)o(f ± 1/ho ) and convolving it 
with X (f), we have 

Yt (( )IJF = 
X(f � Ji.o) - X(f + Ji.o). 

)1f )1f (6.15) 

As expected, the conve rsion gain from X(f) to Y1 (f) is equal to 1 /rr, but with a phase shift 
of9o·. 

The second output in Fig. 6.21(b), Y2( 1),  can be viewed as a train of impulses that 
sample the input and are subsequently convolved with a square pulse [Fig. 6.2 3(a)]. 
That is, 

(6.16) 

y2(t) 

D [. t 1 _0_ 0 - t * 
• 

TLO ho 3ho 2ho Sho t ho 3ho Sho t 0 ho t 
2 2 2 2 2 2 2 

(a) 

IF Component 

in Y2 (f) 

• 
f 

(b) 

Figure 6.23 (a) Decomposition ofyl(l), (b) correspondi11g spectrum. 
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and hence 

Y2(f) = X{f) * - L e-jwTw/28 f - - . -. (1 - e-j<vTw/2) . 
[ 1 + 00 ( k )] I 

Tw 
k = _00 

Tw JW 
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(6.17) 

Figure 6.23(b) depicts the spectrum, revealing that shifted replicas of X(() are multiplied 
by a sine envelope. Note the subtle difference between Yt (f) and Yz{j): in the former, each 
replica of X (f) is simply scaled by a factor, whereas in the latter, each replica experiences a 
"droop" due to the sine envelope. Tbe component of interest in Y2(f) is obtained by selling 
k to ±1: 

(6.18) 

The term in the second set of square brackets must be calculated at the IF. If the IF is much 
lower than 2f w ,  then exp(-}wJFho / 2 )  � I -}wJFho / 2 .  Thus, 

-X(f- fw)- X(f + fw) 
Y2(f)IJF � 

2 
· (6.19) 

Note that Yz(f) in fact con tains a larger IF component than does Y1 {f). The total IF output 
is therefore equal to 

fl":l I Y, (f) + Mf)IJF = y ;2 -r 4 [ JX(f - fw)l + JX(f + fw)IJ 

= 0.593[1X(f -fw)l + IX(f + }i.o)l]. 
(6.20) 

(6.21) 

If realized as a single-balanced topology (Fig. 6.24), the circuit provide-s a gain twice this 
value, 1 . 186� l .48 dB. That is, a single-balanced sampling mixer exhibits about 5.5dB 
higher gain than its return-to-zero counterpart. It is remarkable that, though a passive cir­
cuit, the single-ended sampling mixer actually has a voltage conversion gain greater than 
unity, and hence is a more attractive choice. The return-to-zero mixer is rarely used in 
modern RF design. 

VLO Ic J L 

o Vout1 c 

v, • VLo 

Figure 6.24 Single·bala11ced sampli11g mixe.: 
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Example 6.8 

Determine the voltage conversion gain of a double-balanced sampling mixer. 

Solution: 

Shown in Fig. 6.25, such a topology operates identically to the counterpart in Fig. 6.20(a). 
In other words, the capacitors play no role here because each output is equal to one of the 
inputs at any given point in time. The conversion gain is therefore equal to 2/rr. about 
5.5 dB lower than that of the single-balanced topology of Fig. 6.24. 

Figure 6.25 Double-balanced sampling mixer. 

The above example may rule out the use of double-balanced sampling mixers. Since 
most receiver designs incorporate a single-ended LNA, this is not a serious limitation. 
However, if necessary, double-balanced operation can be realized through the use of two 
single-balanced mixe rs whose outputs are summed in the current domain. Illustrated con­
ceptually in Fig. 6.26 [I),  the idea is to retain the samples on the capacitors, convert each 
differential output voltage to a current by means of M1-M4, add their output currents, and 

.--------------. Voo 

I I 
Figure 6.26 Ow put combini11g of rwo single-balanced mixers in rite current domain. 
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apply the currents to load resistors, thus generating an output voltage. In this case, the 
mixer conversion gain is still equal to 1.48 dB. 

6.2.2 LO Self-Mixing 

Recall from Chapter 4 that the leakage of the LO waveform to the input of a mixer is added 
to the RF signal and mixed with the LO, generating a de offset at the output. We now study 
this mechanism in the single-balanced sampling mixer. Consider the arrangement shown 
in Fig. 6.27(a), where Rs denotes the output impedance of tbe previous stage (the LNA). 
Suppose the LO waveforms and the transistors are perfectly symmetric. Then, due to the 
nonlinearity of CGsl and CGS2 arising from large LO amplitudes, Vp does change with time 
but only at twice the LO frequency [Fig. 6.27(b)] (Problem 6.3). Upon mixing with the LO 
signal. this component is translated to fw and 3/w-but nor to de. In other words, with 
perfectly-symmetric devices and LO waveforms, the mixer exhibits no LO self-mixing and 
hence no output de offsets. 

In practice, however, mismatches between M 1 and M2 and within the oscillator circuit 
give rise to a finite LO leakage to node P. Accurate calculation of the resulting de offset is 
difficult owing to the lack of data on various transistor, capacitor, and inductor tnismatches 
that lead to asymmetries. A rough rule of thumb is I 0-20 millivolts at the output of the 
mixer. 

6.2.3 Noise 

In this section, we study the noise behavior of return-to-zero and sampling mixers. Our 
approach is to determine the output noise spectrum, compute the output noise power in 
I Hz at the IF, and divide the result by the square of the conversion gain, thus ob taining the 
input-referred noise. 

Let us begin with the RZ mixer, shown in Fig. 6.28. Here, R011 denotes the on-resistance 
of the switch. We assume a 50% duty cycle for tbe LO. The output noise is given by 
4kT(R0,IIRL) when St is on and by 4kTRL when it is off. As shown in Example 6.4, on the 

Rs 

t 

(a) (b) 

Figure 6.27 (a) LO-RF leakage parh in a sampling mixe1; (b) LO and leakage waveforms. 
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+ 

Figure 6.28 RZ mixerfor noise calculwion. 

average, the Output contains half of 4kT(R0,IIRL) and half of 4kTRL: 

If we select Ron « RL so as to minimize the conve rsion loss, then 

Dividing this result by lfrr2, we have 
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(6.22) 

(6.23) 

(6.24) 

(6.25) 

That is, the noise power of RL ( = 4kTRL) is "amplified'' by a factor of 5 when referred to 
the input. 

Example 6.9 

If Ron = 100 Q and RL = I kQ, determine the input-referred noise of the above RZ mixer. 

Solution: 

We have 
jv;,in = 8.l4nY;JHZ. (6.26) 

This noise would correspond to a noise figure of lOiog[l + (8.14/0.91)2] = 19dB in a 
50-Q system. 

The reader may wonder if our choice Ron« RL is optimum. If RL is very nigh, the 
output noise decreases but so does the conversion gain. We now remove the a%ump­
tion R0, « RL and express the voltage conversion gain as (l/rr)RLf(R0, + RL). Dividing 
Eq. (6.22) by the square of this value gives 

(6.27) 
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This function reaches a minimum of 

V,�.in.min = 2rr2(2.J2 + 3)kTR011 
"'=' 1 1 7kTR0n 

(6.28) 
(6.29) 

for RL = .J2Ron· For example, if R011 = 100 Q and RL = .J2 X 100 Q, then the input­
referred noise voltage is equal to 6.96 nv;JHZ (equivalent to an NF of 17.7 dB in a 50-Q 
system). 

In reality, the output noise voltages calculated above are pessimistic because the input 
capacitance of the following s tage limits the noise bandwidth, i.e., the noise is no longer 
white. This point becomes clearer in our study of the sampling mixer. 

We now wish to compute the output noise spectrum of a sampling mixer. The output 
noise at the IF can then be divided by the conve rsion gain to obtain the input-referred noise 
voltage. We begin with three observations. First, in the simple circuit of Fig. 6.29(a) (where 
R, denotes the switch resistance), if V;n = 0, 

vz . = v2 1 
(6 30) n.LI'f nRl 1 + (Rl Cl':u)2 , · 

where v;Rl = 2kTR, (for -oo < w < + oo). We say the noise is "shaped" by the liJter.3 
Second, in the switching circuit of Fig. 6.29(b), the output is equal to the shaped noise of 

2 l--"Mr-1� V n,out 

(a) 

0 

0 

ho 
2 

(c) 

Track-Mode 
Noise \ 

0 

(b) 

t 

.. t 

Hold-Mode 
/, Noise 

t 

Figure 6.29 (a) Eq11iva/ent circuit of sampling mixer for noise calclllations, (b) noise in on and 
off states, and (c) decomposition of output waveform. 

3. Recall from basic analog circuits that the integral of this output noise from 0 to oo is equal to kT /C,. 
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R1 when S 1  is on and a sampled, constant value when it .is off. Third, in a manner similar 
to the gain calculation in Fig. 6.21, we can decompose the output into two waveforms Vnl 
and V112 as shown in Fig. 6.29(c). 

It is tempting to consider the overall output spectrum as the sum of the spectra of V111 
and V112. However, as explained below, the low-frequency noise components generated 
by R1 create correlation between the track-mode and hold-mode noise waveforms. For 
this rea�on, we proceed a� follows: (l) compute the spectrum of Vnl while excluding the 
low-frequency components in the noise of R" (2) do the same for V112, and (3) add the 
contribution of the low-frequency components to the final result. In the derivations below, 
we refer to the first two as simply the spectra of Vnl and Vn2 even though Vnl (t) and 
V11z(t) in Fig. 6.29 are affected by the low-frequency noise of R I · Similarly, we use the 
notation vJ.Lf'�·(f) even though its low-frequency components are removed and considered 
separately. 

Spectrum of Vnl To calculate the spectrum of Vnl, we view this waveform as the product 
of V11.LPF(t) and a square wave toggling between 0 and I .  As shown in Fig. 6.30, the 
spectrum of V111 is given by the convolution of vJ.LPF(f) and the power spectral density of 
the square wave (impulses with a sinc2 envelope). In practice, the sampling bandwidth of 
the mixer, 1/(RtCJ), rarely exceeds 3u>w, and hence 

V = 2 X  - + -
-2- ( I 1 ) 2kTRI 

nl(f) rr2 9rr2 I +  (2rrRI CI.f)2 ' 
(6.3 1) 

where the factor of 2 on the right-hand side accounts for the alia�ing of components at 
negative and positive frequencies. At low output frequencies, this expression reduces to 

V�1 = 0.226(2kTR1).  (6.32) 

Note that this is the two-sided spectrum of V�1 • 

v;,LPA I U I 
0 

S:. f 
PSDol 

Square Wave 

* 
.... ····· 2 ... • •· •. sine Envelope . \ n2 _1_ 

..... ...-x ··· .... "'. . ./ ., .. ····;.;· .. �n2 y '·, .. · 'f · .. -3fl0 -fLO o +fLo 
Figure 6.30 Aliasing in \1111. 

Spectrum of V,z The spectrum of V112 in Fig. 6.29(c) can be obtained using the approach 
iiJustrated in Fig. 6.21 for the conversion gain. That is, V112 is equivalent to sampling V11.LPF 
by a train of impulses and convolving the result with a square pulse, nltf(2Tw) - 1/2]. 
We must therefore convolve the spectrwn of Vn.U'F with a train of impulses (each having 
an area of 1/Tlo) and multiply the result by a sinc2 envelope. As shown in Fig. 6.31, the 
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Figure 6.31 Aliasing in Vn2· 
convolution translates noise components around ±fw, ±2fw, etc., to the IF. The sum of 
these aliased components is given by 

00 

= 2 X  2kTRI " -� 
y2 � I  + a2n2 ' 
W n= l  

where a =  2:tr Rt Clfw. For the summation in Eq. (6.34), we have 

00 

" --1
.,.....,. = � (rr coth :tr - 1), � I + a2n2 2 a a 

u = l  

. . .  ] 

Also, typically (2rrR1C1)- 1 >fLO and hence coth(2R1C;Jw)-1 ""' 1 .  It follows that 

y2 . = 
k; ( -1- - 2RI) · n.allas Ti.o ClfW 

(6.33) 

(6.34) 

(6.35) 

(6.36) 

This result must be multiplied by the sinc2 envelope, l (ju>)- 1 [1 - exp(-ju>Tw/2)]12• 
which has a magnitude of Tl0f4 at low frequencies. Thus, the two-sided IF spectrum of 
Vn2 is given by 

V = T - -2 ( I /?1 ) 
112 k 

4CifLO 2 
. (6.37) 

Correlation Between V111 and V11z We must now consider the correlation between Vn 1 
and Vn2 in Fig. 6.29. The correlation arises from two mechanisms: (1) as the circuit ente rs 
the track mode, the previous sampled value takes a finite time to vanish, and (2) when the 
circuit enters the hold mode, the frozen noise value, V112, is partially correlated with V111. 
The former mechanism is typically negligible because of the short track time constant. For 
the latter, we recognize that the noise frequency components far below fw remain relatively 
constant during the track and hold modes (Fig. 6.32); it is as if they experienced a zero­
order hold operation and hence a conversion gain of unity. Thus, the R 1 noise components 
from 0 to roughly .fw/1 0 directly appear at the output, adding a noise PSD of 2kTR 1 .  

Sununing the one-sided spectra of V,.1 and V,.2 and the low-frequency contribution, 
4kTR1 , gives the total (one-sided) output noise at the JF: 

2 - ( 1 ) Vn.ow.IF - kT 3.9RI + 2C;fi_o 
. (6.38) 
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Figure 6.32 Correlation between noise components in acquisition and hold modes. 

R1 

v,. VOUI 

R1 

(a) 

R1 
,...---�W.r-----<>0 .L 

Vn,out 

.L ,----Y\Y.,r-----<>o 
R1 

(b) 

Figure 6.33 (a) Equivalent circuit of double·balanced passive mixer, (b) simplified circuit. 

The input-referred noise is obtained by dividing this result by ljrr2 + 1/4: 

v;; ;11 = 2.85kT (3.9RJ + I )· · 2CJ/LO 

Note that [2] and [3] do not predict tbe dependence on R1 or C1• 

(6.39) 

For a single-balanced topology. the differential output exhibits a noise power twice 
that given by Eq. (6.38), but the vol1age conversion gain is twice as high. Thus, the input­
referred noise of a single-balanced passive (sampling) mixer is equal to 

2 kT ( 1 ) Vll,in.SB = 
2 (-1 + 

�) 3.9RI + 
2Clf"w 

rr2 4 

(6.40) 

= l.42kT (3.9RJ + 1 ) . 
2CI}LO 

(6.41) 

Let us now study the noise of a double-balanced passive mixer. As mentioned in Exam­
ple 6.8, the behavior of the circuit does not depend much on the absence or presence of load 
capacitors. With abrupt LO edges, a resistance equal to R 1 appears between one input and 
one output at any point in time [Fig. 6.33(a)]. Thus, from Fig. 6.33(b), vJ.ow = 8kTR1• 
Since the voltage conversion is equal to 2/ rr. 

(6.42) 
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Figure 6.34 (a) Passive mixer followed by gain. stage, (b) bias path at the RF inpw, (c) bias path at 
the basebaud output. 

The low gain of passive mixers makes the noise of the subsequent s tage critical. 
Figure 6.34(a) shows a typical arrangement, where a quasi-differential pair (Chapter 5) 
serves as an amplifier and its input capacitance holds the output of the mixer. Each 
common-source stage exhibits an input-referred noise voltage of 

-- 4kTy 4kT y'l = -- + - -n.CS g g2 Ro · m m 
(6.43) 

This power should be doubled to account for tbe two halves of the circuit and added to the 
mixer output noise power. 

How is the circuit of Fig. 6.34(a) biased? Depicted in Fig. 6.34(b) is an example. Here, 
the bias of the preceding stage (the LNA) is blocked by Ct. and the network consisting of 
RR£F, MR£F, and IR£F defines the bias current of M1 and M2. As explained in Chapter 5, 
resistor RREF .is chosen much greater tban the output resistance of the preceding stage. We 
typically select WREF ;::, Q.2WJ.2 so that lm.2 ""51R£F. 

In the circuit of Fig. 6.34(b), the de voltages at nodes A and 8 are equal to Vp unless 
LO self-mixing produces a de offset between these two nodes. The reader may wonder if 
the circuit can be rearranged as shown in Fig. 6.34(c) so that the bias resisto rs provide a 
path to remove the de offset. The following example elaborates on this point. 

Example 6.10 
A student considers the arrangement shown in Fig. 6.35(a), where V;11 models the LO leak­
age to the input. The student then decides that the arrangement in Fig. 6.35(b) is free from 
de offsets, reasoning that a positive de voltage, Vdc· at the output would lead to a de current, 
Vt�dRL. through RL and hence an equal current through Rs. This is impossible because it 
gives rise to a negative voltage at node X. Does the student de.serve an A? 

(Co11tinues) 
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Example 6.10 (Continued) 

V;n R\\ f\ j 

·· ......... •· ·· ......... ·· 
Voua /.··········· ... / .. ·•········ •.. 

(a) (b) (c) 
Figure 6.35 (a) Sampling and (b) RZ mixer. (c) RZ mixer waveforms. 

Solution: 

The average voltage at node X can be negative. As shown in Fig. 6.35(c), Vx is an attenu­
ated version of V;11 when S 1 is on and equal to V;, when S1 is off. Thus, the average value 
of Vx is negative while R�_ carries a finite average current as well. That is, the circuit of 
Fig. 6.35(b) still suffers from a de offset. 

6.2.4 Input Impedance 

Pa%ive mixe rs tend to present an appreciable load to LNAs. We therefore wish to formulate 
the input impedance of passive sampling mixers. 

Consider the circuit depicted i.n Fig. 6.36, where S 1 is assumed ideal for now. Recall 
from Fig. 6.21 that the output voltage can be viewed as the sum of two waveforms Yl (r) and 
Y2(1), given by Eqs. (6.12) and (6.16), respectively. The current drawn by C1 in Fig. 6.36 is 
equal to 

io111(1) = C 1 d;. (6.44) 

Moreover, i;11(l) = i0111(t). Taking the Fourier transform, we thus have 

/;,(f) = C1}wY(f), (6.45) 

where Y(j) is equal to the sum of Y1 (f) and Y2(j). 
As evident from Figs. 6.22 and 6.23, Y(j) contains many frequency components. We 

must therefore reflect on the meaning of the "input impedance." Since the input voltage 
signal, x(r), is typically confined to a narrow bandwidth, we seek frequency components in 
l;,(j) that lie within the bandwidth of x(l). To this end, we set k in Eqs. (6.13) and (6.17) 
to zero so that X (f) is simply convolved with 8(f) [i.e., the center frequency of X(j) does 

Figure 6.36 In pill impedance of sampling mixer. 
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not change]. (This stands in contrast to gain and noise calculations, where k wa� chosen to 
translate X (f) to the IF of interest.) It follows that 

(6.46) 

In the square brackets in the first term, U> must be set to zero to evaluate the impulse at 
f = 0. Thus, the first term reduces to (l/2)X(f). ln the second term, the exponential in the 
square brackets must also be calculated at w = 0. Consequently, the second term simplifies 
to (I  fho)X(f)[ I /(jw)][ l -exp(-jwTw/2)]. We then arrive at an expression fort he input 
admittance: 

hn(f) = ·c w [� + 
l ( 1 - e-JwTw/2)] . X (f) .I 

1 2 jwT w (6.47) 

Note that the on-resistance of the switch simply appears in series with the inverse of (6.47). 
It is instructive to examine Eq. (6.47) for a few special cases. If U> (the input frequency) 

is much less than ww, then the second term in the square brackets reduces to 1 /2 and 

T;n(f) _ ·c 
X(f) -J 1W· (6.48) 

In other words, the entire capacitance is seen at the input [Fig. 6.37(a)]. If w "'=' 2nfw (as in 
direct-conve rsion receive rs), then the second term is equal to l /(jn) and 

li,,(j ) = }CJU> + 2jC . X(f) 2 I (6.49) 

The input impedance thus con tains a parallel resistive component equal to l /(2}CJ) 
[Fig. 6.37(b)]. Finally, if w » 2nfw, the second term is much less than the first, yielding 

hn<f) = }C1w 
X(f) 2 (6.50) 

For the input impedance of a single-balanced mixer, we must add the switch on­
resistance, R1, to the inverse of Eq. (6.47) and halve the result. If U> "'=' U>LQ, then 

y(t) 

t 

(a) 

Z;n.SB = � [R L + ·c U> 
l ] ·  2 1-1-
+ 2fCI 2 

(6.51) 

,_ � _1 
I o-..JD 2fC1 
Zin 

(b) 
Figure 6.37 Input impedance of passive mixer for (a) w « ww and (b) W"" ww. 



366 

LNA 
Baseband 
Amplifier 

Chap. 6. Mixers 

Figure 6.38 Baseband input capacitance reflected at the input of passive mixer. 

Flicker Noise An important advantage of passive mixers over their active counterparts 
is their much lower output flicker noise. This property proves critical in narrowband appli­
cations, where Iff noise in the baseband can substantially corrupt the downconvened 
channel. 

MOSFETs produce little flicker noise if they carry a small current [4), a condition 
satisfied in a passive sampling mixer if the load capacitance is relatively small. However, 
the low gain of passive mixers make-s the I If noise contribution of the subsequent stage 
critical. Thus, the baseband amplifier following the mixer must employ large transistors, 
presenting a large load capacitance to the mixer (Fig. 6.38). As explained above, Cos 
manifests itself in the input impedance of the mixer, Zmix· thereby loading the LNA. 
LO Swing Passive MOS mixers require large (rail-to-rail) LO swings, a disadvantage 
with respect to active mixers. Since LC oscillators typically generate large swings, this is 
not a serious drawback, at least at moderate frequencie-s (up to 5 or I 0 GHz). 

Jn Chapter 13, we present the design of a passive mixer followed by a baseband 
amplifier for I I  a/g applications. 

6.2.5 Current-Driven Passive Mixers 

The gain, noise, and input impedance analyses carried out in the previous sections have 
assumed that the RF input of passive mixers is driven by a voltage source. If driven by a 
current source, such mixers exhibit different properties. Figure 6.39(a) shows a conceptual 
arrangement where the LNA ha� a relatively high output impedance, approximating a cur­
rent source. The passive mixer still carries no bias current so as to achieve low flicker noise 
and it drives a general impedance Zoo. Voltage-driven and current-driven passive mixers 
entail a number of interesting differences. 

First, the input impedance of the current-driven 1nixer in Fig. 6.39 is quite different 
from that of the vol tage-driven counterpart. The reader may find this strange. Indeed, famil­
iar circuits exhibit an input impedance that is independent of the source impedance: we can 
calculate the input impedance of an LNA by applying a voltage or a current source to the 
input port. A passive mixer, on the other hand, does not satisfy this intuition because it  is a 
time-variant circuit. To determine the input impedance of a current-driven single-balanced 
mixer, we consider the simplified case depicted in Fig. 6.39(b), where the on-resis tance of 
the switches is neglected. We wish to calculate Z;11(f) = VRF(f)//;11(f) in the vicinity of 
the carrier (LO) frequency, assuming a 50% duty cycle for the LO. 

The input current is routed to the upper arm for 50% of the time and flows through Zss. 
In the time domain [5], 

V1 (t) = [i;11(1) X S(t)) * h(t), (6.52) 
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Figure 6.39 (a) Currelll·dri1•en passive mixer, (b) simplified mode/for in pill impedance calculation, 
(c) specTra aT inpuT and owpm. 

where S(t) denotes a square wave toggling between 0 and I, and h(t) is the impulse response 
of Zoo. In the frequency domain, 

V, (f) = [/;"(f) * S(f)] · ZoB(f), (6.53) 

where S(f) is the spectrum of a square wave. As expected, upon convolution with the first 
harmonic of S(j), 1;11 (f) is translated to the baseband and is then subjected to the frequency 
response of Zoo (f). A similar phenomenon occurs in the lower arm. 

We now make a critical observation [5]: the switches in Fig. 6.39(b) also mix the base­
band waveforms with the LO, delivering the upconverted voltages to node A. Thus, V1 (1) 
is multiplied by S(t) as it returns to the input, and its spectrum is translated to RF. The 
spectrum of Vz(t) is also upconverted and added to this result. 

Figure 6.39(c) summarizes our findings, revealing that the downconverted spectrum 
of l;11{f) is shaped by the frequency response of ZBa, and the result "goes back" through 
the 1nixer, landing aroundj;. wh.ile retaining its spectral shape. In other words, in response 
to the spectrum shown for l;11(f), an RF voltage spectrum ha� appeared at the input that 
is shaped by the baseband impedanc-e. This implies that the input impedance around j� 
resembles a frequency-translated version of ZBo<f). For example, if ZnBU) is a low-pass 
impedance, then Z;11{f) has a band-pass behavior [5]. 

The second property of current-driven passive mixers i.s that their noise and nonlinear­
ity contribution are reduced [6]. This is because, ideally, a device in series with a current 
source does not alter the current passing through it. 
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Figure 6.40 Quadrature LO waveforms with 25% duty cycle. 

Passive mixers need not employ a 50% LO duty cycle. In fact, both voltage-driven and 
current-driven mixers utilizing a 25% duty cycle provide a higher gain. Figure 6.40 shows 
the quadrature LO waveforms according to this scenario. Writing the Fourier series for LO 
waveforms having a duty cycle of d, the reader can show that the RF current entering each 
switch generates an IF current given by [6]: 

2 sinrrd 
IJp(t) = JT 2d lR{'()COSWfFI, (6.54) 

where IRr:o denote-s the peak amplitude of the RF current. As expected, d = 0.5 yields a gain 
of 2/rr. More importantly, for d =  0.25, the gain reaches 2.J2/rr, 3 dB higher. Of cou rse, 
the generation of these waveforms becomes difficult at very high frequencies. [Ideally, we 
would choose d ""  0 (impulse sampling) to raise this gain to unity.] 

Another useful attribute of the 25% duty cycle in Fig. 6.40 is that the mixer switches 
driven by LOo and L0180 (or by L090 and L021o) are not on simultaneously. As a result, 
the mixer contributes smaller noise and nonlinearity [6]. 

6.3 ACTIVE DOWNCONVERSION MIXERS 

Mixers can be realized so as to achieve conversion gain in one stage. Called active mixers, 
such topologies perform three functions: they convert the RF voltage to a current, "com­
mutate" (steer) the RF current by the LO, and convert the IF current to voltage. These 
operations are illustrated in Fig. 6.4'1. While both passive and active mixers incorporate 
switching for frequency translation, the latter precede and follow the switching by voltage­
to-current (Y/1) and current-to-voltage (IIY) conversion, respectively, thereby achieving 
gain. We can intuitively observe that the input transconductance, IRF!VRJ··, and the out­
put transresistance, VIF/1/F, can. in pri.nciple, assume arbitrarily large values, yielding an 
arbitrarily high gain. 

Figure 6.42 depicts a typical single-balanced realization. Here, M 1 converts the input 
RF voltage to a current (and is hence called a "transconductor"), the differential pair M2-M3 
conmlUtates (steers) this current to the left and to the right, and R1 and R2 convert the output 
currents to voltage. We call M2 and M3 the "switching pair." As with our passive mixer 
study in Section 6.2, we wish to quantify the gain, noise, and nonlinearity of this circuit. 

Sec. 6.3. Active Downconversion Mixers 

IN 
Converter 

/IF 

Current 
Switch 

/RF 

VII 
Converter 1 

---<> 

figure 6.41 Active mixer viewed as a I'll converte1; a currellf switch, and an /Ill converter. 

'·· ..... ............... ......... : 

VRFo-H ... �;·: Vfl 
; Converter 

: •.••• : .•.•• 1 
Figure 6.42 Single-balcmced active mixe1: 

369 

Note that the switclling pair does not need rail-to-rail LO swings. ln fact, as explained later, 
such swings degrade the linearity. 

Double-Balanced Topology If the RF input is available in differential form, e.g., if 
the LNA provides differential outputs, then the active mixer of Fig. 6.42 must be mod­
ified accordingly. We begin by duplicating the circuit as shown in Fig. 6.43(a), where 
V Rj, and ViiF denote the differential phases of the RF input. Each half circuit commu­
tates the RF current to its IF outputs. Since V Rf' = -Vjip, the small-signal IF components 
at Xt and Y t  are equal to the negative of those at X2 and Y2, respectively. That is, 
Vx1 = -Vn = -Vx2 = Vr2, allowing us to short X1 to Y2 and X2 to Y1 and arrive at the 
double-balanced mixer in Fig. 6.43(b}, where tbe load resistors are equal to Rvf2. We 
often draw the circuit as shown in Fig. 6.43(c) for the sake of compactness. Transisto rs 
Mz, M3, Ms, and M6 are called the "switching quad." We will study the advan tages and 
disadvantages of this topology in subsequent sections. 

One advantage of double-balanced mixers over their single-balanced counterparts 
stems from their rejection of amplitude noise in the LO waveform. We retum to this 
property in Section 6.3.2. 
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Figure 6.43 (a) Two single·balanced mixers sensing differemial RF inputs, (b) summation of oil/put 

mrrents, (c) compact drawing of circuit. 

Example 6.11 
Can the load resistors in the circuit of Fig. 6.43(b) be equal to Rv so as to double the gain? 

Solution: 

No, they cannot. Since the total bias current flowing through each resistor is doubled, Rv 
must be halved to comply with the voltage headroom. 

6.3.1 Conversion Gain 

In the circuit of Fig. 6.42, transistor M 1 produces a small-signal drain current equal to 
8mt VRF· With abrupt LO switching, the circuit reduces to that shown in Fig. 6.44(a), where 
Mz multiplies lRF by a square wave toggling between 0 and 1, S(t), and M3 multiplies lRF 
by S(l - Tw/2) because LO and LO are complementary. It follows that 

It = IRF · S(l) (6.55) 

(6.56) 
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(6.57) 

From Fig. 6.44(b), we recognize that the switching operation in Eq. (6.57) is equivalent to 
multiplying IRF by a square wave toggling between - 1 and + l .  Such a waveform exhibits 
a fundamental amplitude equal to 4/rr; yielding an output given by 

4 
V0111(1) = IRF(l)Ro · - cos w w l + · · · . 

11" 

lf lRF(l) = 8mt VRF cos WRFI, then the JF component at WRF - w w  is equal to 

The voltage conversion gain is therefore equal to 

VIF,p _ 2 -- - -g,. ,Ro. VRF,p 11" 

(6.58) 

(6.59) 

(6.60) 

What limits the conversion gain? We assume a given power budget, i.e., a certain 
bias current, /l)J, and show that the gain trades with the linearity and voltage headroom. 
The input transistor is sized according to the overdrive voltage, Vest - VrHI. that yields 
the required lP3 (Chapter 5). Thus. Vost.min = Vest - VrHI· The transconductance of Mt 
is limited by the current budget and IP3, as expressed by g111t = 2/Dif(Vcst - Vnn) [or 
loJ!(Vcs1 - VTH1) for velocity-saturated devices]. Also, the value of Ro is limited by 
the maximum allowable de voltage across it. In other words, we must compute the mini· 
mum allowable value of Vx and Vr i.n Fig. 6.42. As explained in Section 6.3.3, linearity 

4. It is helpful co remember chat the peak amplitude of the first harmonic of a square wave is greil/er t:han the 
peak amplitude of the square wave. 
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requirements dictate that M2 and M3 not enter the triode region so long as both carry 
current. 

Suppose the gate voltages of Mz and M3 in Fig. 6.42 are held at the common-mode level 
of the ctifferential LO waveforms, VcM.W (Fig. 6.45(a)]. If M 1 is at the edge of saturation, 
then VN ::: Vast - VrHt: 

(6.61) 

Now consider the time instant at which the gate voltages of Mz and M3 reach VcM.W + Vo 
and VcM.LO - Vo, respectively, where Vo = .J2(Vosu - VtH2)/2, a value high enough to 
tum off M3 [Fig. 6.45(b)]. For M2 to remain in saturation up to this point, its drain voltage 
must not fall below VcM.LO + .J2{Vos2.3 - Vn/2)/2 - Vmz: 

(6.62) 

which, from Eq. (6.61 ), reduces to 

Vx,min = VosJ - VTHl + ( I + �) (VoS2.3 - VTHz). (6.63) 

Thus, Vx.min must accommodate the overdrive of Ma and about 1.7 times the "equilib­
rium" overdrive of each of the switching transistors. The maximum allowable de vol tage 
across each load resistor is equal to 

VR.max = Vvv - [vast - VTH J + (1 + �) (Vosz.3 - VTHz)] . (6.64) 

Since each resistor carries half of loJ , 

"T""---r Voo 

VcM,L0 --1 J-- VcM,LO 

(a) 

R -
2VR,III<lX 

D.max - I VI 
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Figure 6.45 (a) Acti••e mixer with LO at CM le••el, (b) required swing to rum one device ojj: 

Sec. 6.3. Active Downconversion Mixers 

From (6.64) and (6.65), we obtain the maximum voltage conversion gain as 

2 
Av.max = -gmiRD,max 1f 

8 Vti_max 
- -

]f Vast - Vrm 
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(6.66) 

(6.67) 

We therefore conclude that low supply voltages severely limit the gain of active mixers. 

Example 6.12 

A single-balanced active mixer requires an overdrive voltage of 300 mY for the input Y/1 
converter transistor. If each switching transistor has an equilibrium overdrive of 150m Y 
and the peak LO swing is 300mY, how much conversion gain can be obtained with a 1-Y 
supply? 

Solution: 
From Eq. (6.64), VR.max = 444 mY and hence 

A \'.max = 3.77 

� 1 1 .5dB. 
(6.68) 

(6.69) 

Owing to the relatively low conve rsion gain, the noise contributed by the load resistors and 
following stages may become significant. 

How much room for improvement do we have? Given by IP3 requirements, the over­
drive of the input transistor ha� little flexibility unless the gain of the preceding LNA can be 
reduced. This is possible if the mixer noise figure can also be lowered, which, as explained 
i.n Section 6.3.2, trades with the power dissipation and input capacitance of the mixer. 
The equilibrium overdrive of the switching transistors can be reduced by making the two 
transistors wider (while raising the capacitance seen at the LO port). 

The conversion gain may also fall if the LO swing is lowered. As illustrated m 

Fig. 6.46, while Mz and M3 are near equilibrium, the RF current produced by M1 is 

, .. -., 
V • ' LO f \ .j... .... \ ...... .( . ...; 
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.,. 

Voo Ro 
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Figure 6.46 Rf currem as a CM componem near LO zero crossings. 
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split approximately equally between them, thus appearing as a common-mode current and 
yielding little conversion gain for that period of time. Reduction of the LO swing tends to 
increase tills time and lower the gain (unless the LO is a square wave). 

Example 6.13 

Figure 6.47 shows a "dual-gate mixer." where M1 and M2 can be viewed as one transistor 
with two gates. Identify the drawbacks of this circuit. 

\'IF 

Figure 6.47 D11al·gote mixer. 

Solution: 

For M2 to operate as a switch, its gate voltage must fall to Vrm above zero (why?) regard­
less of the overdrive voltages of the two transistors. For this reason, the dual-gate mixer 
typically calls for larger LO swings than the single-balanced active topology does. Further· 
more. since the RF current of M 1 is now multiplied by a square wave toggling between 0 
and l, the conversion gain is half: 

(6.70) 

Additionally. all of the frequency components produced by M1 appear at the output without 
translation because they arc multiplied by the average value of the square wave, 1/2. Thus, 
half of the flicker noise of M1-a high-frequency device and hence small-emerges at IF. 
Also, low-frequency beat components resulting from even-order distortion (Chapter 4) in 
M1 directly corrupt the output, leading to a low IP2. The dual-gate mixer does not require 
differential LO wavefom1s. a minor advantage. For these reasons, this topology is rarely 
used in modern RF design. 

With a sinusoidal LO. the drain currents of the switching devices depart from square 
waves, remaining approximately equal for a fraction of each half cycle, t;. T [Fig. 6.48(a)]. 
As mentioned previously, the circuit exhibits little conversion gain during these periods. 
We now wish to estimate the reduction in the gain. 
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-- -tlTI2 
(b) 

Figure 6.48 (a) l:.jfect of gradual LO transitions, (b) 11wgnijied LO waveforms. 

A differential pair having an equilibrium overdrive of (Vcs - VTH)eq steers most of 

its tail current for a differential input voltage, t;. V;,, of .J2(Vcs - VrH)eq (for square­
law devices). We assume that the drain currents are roughly equal for t;. V;11 :::;: (Vcs -
VTH)eq/5 and calculate the corresponding value of t:.T. We note from Fig. 6.48(b) that, ii 
each single-ended LO waveform has a peak amplitude of Vp.LO, then LO and LO reach a 
difference of (Vcs - Vm)eq/5 in approximately t:.T/2 = (Vcs - VT11)eq/5/(2Vp.LOWLO) 
seconds. Multiplying this result by a factor of 4 to account for the total time on both rising 
and falling edges and normalizing to the LO period, we surmise that the overall gain of the 
mixer is reduced to 

Example 6.14 

2 ( 2t;.T) 
Av = rr8mtRv I -

Tw 

2 [ (Vcs - VTIJ)eq] 
= -g,.1Rv I - . 

rr 5rrVp.LO 

Repeat Example 6.12 but take the gradual LO edges into account. 

Solution: 

The gain expressed by Eq. (6.68) must be multiplied by I - 0.0318 � 0.97: 

Av.m<JX�3.66 

� 1 1 .3dB. 

Thus, the gradual LO transitions lower the gain by about 0.2 dB. 

(6.71) 

(6.72) 

(6.73) 

(6.74) 

The second phenomenon that degrades the gain relates t.o the total capacitance seen 
at the drain of the input transistor. Consider an active mixer in one-half of the LO cycle 
(Fig. 6.49). With abrupt LO edges, M2 is on and M3 is off, yielding a total capaci tance at 

I 
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Figure 6.49 Loss of R F current to ground rhrough Cp. 

Cp = Coo• + CcS2 + CcsJ + Cso2 + CsoJ- (6.75) 

Note that CcsJ is substantially smaller than CaS2 in this phase (why?). The RF current 
produced by M 1 is split between Cr and the resistance seen at the source of M2. I I g11a 
(if body effect is neglected). Thus, the voltage conversion gain is reduced by a factor of 
8m2l(sCp + 8m2); i.e., Eq. (6.72) must be modified as 

A 
_ 2 

R 
[ I _ 2(Vas - VTff)eq] 8m2 

V.max - -gml 0 5 V J rr rr P.w c2w2 + 82 
P m2 

(6.76) 

How significant is th.is current division? In other words, how does C�w2 compare with g�12 
in the above expression? Note that 8m2ICP is well below the maximum}]- of M2 because 
(a) the sum of Coni, Csn2, CstJ3, and CcsJ is comparable with or larger than Cas2, and (b) 
the low overdrive voltage of M2 (imposed by headroom and gain requirements) also leads 
to a low fr. We therefore observe that the effect of Cp may become critical for frequencies 
higher than roughly one-tenth of the maximumfr of the transistors. 

Example 6.15 

If the output resis tance of M2 in Fig. 6.49 is not neglected, how should it be included in the 
calculations? 

Solution: 

Since the output frequency of the mixer is much lower than the input and LO frequencies, a 
capacitor is usually tied from each output node to ground to filter the unwanted components 
(Fig. 6.50). As a result, the resistance seen at the source of M2 in Fig. 6.50 is simply equal 
to (I  1 g..,2) J 1ro2 because the output capacitor es tablishes an ac ground at the drain of M2 at 
the input frequency. 
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Compare the voltage conversion gains of single-balanced and double-balanced active 
mixers. 

Solution: 

From Fig. 6.43(a), we recogni�e that CVx1 - VYI )IV/F is equal to the voltage conversion 
gain of a single-balanced mixer. Also, Vx, = Vr2 and Vn = Vx2 if VRF = -V8+F· Thus, if 
Y2 is shorted to X1, and X2 to Y1, these node voltages remain unchanged. In other words, 
Vx - Vy in Fig. 6.43(b) is equal to Vx1 - Vn in Fig. 6.43(a). The differential voltage 
conversion gain of the double-balanced topology is therefore given by 

Vx - Vy Vx1 - Vn 
= (6.77) 

which is half of that of the single-balanced counterpart. This reduction arises because the 
limited voltage headroom disallows a load resistance of R0 in Fig. 6.43(b) (Example 6.11). 

6.3.2 Noise in Active Mixers 

The analysis of noise in active mixers is somewhat different from the study undertaken in 
Section 6.2.3 for passive mixers. As illustrated conceptually in Fig. 6.51, the noise com­
ponents of interest lie in the RF range before downconversion and i.n the IF range after 
downconversion. Note that the frequency translation of RF noise by the switching devices 
prohibits the direct use of small-signal ac and noise analysis in circuit simulators (as is done 
for LNAs), necessitating simulations in the time domain. Moreover, the noise contributed 
by the switching devices exhibits time-varying statistics, complicating the analysis. 

Qualitative Analysis To gain insight into the noise behavior of active mixers, we 
begin with a qualitative study. Let us first assume abrupt LO transitions and consider the 



378 

···fTtF 
�:: Noise 

:····(···: -

, r:, 
: Noise ' 

. ' 0 40 • • •• • • •• • 
Figure 6.51 Partitioning of acti1•e mixer for noise analysis. 

-r-----,- Voo 
Ro 

(a) (b) 

Chap. 6. Mixers 

Figure 6.52 (a) Ejj'ect of noise when one tmnsistor is off. (b) equi,,ufent circuit of(u). 

representation in Fig. 6.S2(a) for half of the LO cycle. Here, 

Cp = Ccm + Cos1 + Css2 + Css3 + Ccs3- (6.78) 

.In this phase, the circuit reduces to a cascode structure, with M2 contributing some noise 
because of the capacitance at node P (Chapter 5). Recall from the analysis of ca�code 
LNAs in Chapter 5 that, at frequencies well below fr, the output noise current generated 
by M2 is equal to Vn.Af2Cps (Fig. 6.52(b)]. This noise and the noise current of M l (which is 
dominant) are multiplied by a square wave toggling between 0 and I. Transistor M3 plays 
an identical role in the next half cycle of the LO. 

Now consider a more realistic case where the LO transitions are not abrupt, allowing 
M2 and M3 to remain on simultaneously for part of the period. As depicted in Fig. 6.53, the 
ci1·cuit now re-sembles a differential pair near equilibrium, amplifying the noise of M2 and 
M3-while the noise of M 1 has little effect on the output because it behaves as a conunon­
mode disturbance. 
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Compare single-balanced and double-balanced active mixers in terms of their noise 
behavior. Assume the latter's total bias current is twice the former's. 

Solution: 

Let us first study the output noise currents of the mixers [Fig. 6.54(a)]. If the total dif­
ferential output noise current of the single-balanced topology is !�.sing• then that of the 

double-balanced circuit is equal to T�.do1tb = 21�.sing (why?). Next, we determine the output 
noise vol tages, bearing in mind that the load resisto rs differ by a factor of two [Fig. 6.54(b)]. 
We have 

y2 = 12 ....!!. (R )2 

n.out.doub n.doub 2 · 

(6.79) 

(6.80) 

But recall from Example 6.16 that the voltage conversion gain of the double-balanced mixer 
is half of that of the single-balanced topology. Thus, the input-referred noise voltages of 
the two circuits arc related by 

2 = �v2 V . . 
. I b II.III,SWg 2 fi , IIJ,(Q U ' (6.81) 

In this derivation, we have not included the noise of the load resistors. The reader can show 
that Eq. (6.81) remains valid even with their noise taken into account. The single-balanced 
mixer therefore exhibits less input noise and consumes less power. 

( Ccmlinues) 
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Figure 6.54 (a) 011tput noise cl/rrenls of single·balanced and do11ble·balanced mixers, (b) corre· 
sponding ourputnoise voltages. 

It is important to make an observation regarding the mixer of Fig. 6.53. The noise 
generated by the local oscillator and its buffer becomes indistinguishable from the noise of 
M2 and M3 when these two transistors are around equilibrium. As depicted in Fig. 6.55, a 
differential pair serving as the LO buffer may produce an output noise much higher than 

LO Buffer 
,-------�----�·-··-··�··r·-··-··-··-··-··-·�··-··�·'� Voo 

Figure 6.55 Effect of LO buffer noise on single-balcmced mixet: 
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that of M2 and M3. 1t is therefore necessary to simulate the noise behavior of mixers with 
the LO circuitry present. 

Study the effect of LO noise on the performance of double-balanced active mixers. 

Solution: 

Drawing the circuit as shown in Fig. 6.56, we note that the LO noise voltage is con­
verted to current by each switching pair and summed with opposite polarities. Thus, the 
double-balanced topology is much more immune to LO noise-a useful property obtained 
at the cost of the 3-dB noise penalty expressed by Eq. (6.81) and the higher power dissi­
pation. Here, we have assumed that the noise components in LO and LO arc differential. 
We study this point in Problem 6.6, concluding that this assumption is reasonable for a true 
differential buffer but not for a quasi-differential circuit. 

Figure 6.56 Effect of LO noise on double-balanced mixet: 

Quantitative Analysis Consider the single-balanced mixer depicted in Fig. 6.51. From 
our qualitative analysis, we identify three sections in the circuit: the RF section, the time­
varying (switching) section, and the IF section. To estimate the input-referred noise voltage, 
we apply the following procedure: (I) for each source of noise, determine a "conversion 
gain" to the IF output; (2) multiply tbe magnitude of each noise by the corresponding gain 
and add up all of the resulting powe rs, tbus obtaining the total noise at the IF output; (3) 
divide the output noise by the overall conversion gain of the mixer to refer it to the input. 

Let us begin the analysis by assuming abrupt LO transitions with a 50% duty cycle. 
In each half cycle of the LO, the circuit resembles that in Fig. 6.57, i.e., the noise of 
M1 Uni.MI) and e.acb of tbe switclling devices is multiplied by a square wave toggling 
between 0 and I. We have seen in Example 6.4 that, if white noise is switched on and off 
with 50% duty cycle, the resulting spectrum is still white while carrying half of the power. 
Thus, half of the noise powers (squared current quantities) of M1 and M2 is injected into 
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Figure 6.57 Noise of in pill de••ice and one switching device in an active mixer. 

-- ---
node X, generating an output noise spectral density given by ( 1/2)(/�_Ml + V�.M2C�ui)R1, 
where v;;,M2C�w2 denotes the noise current injected by M2 into node X. The total noise at 
node X is therefore equal to 

-2
-

- I (-2- -2- 2 2) 2 
Vn.X - 2 l,,Ml + V,,M2Cpw Rv + 4kTRv. (6.82) 

The noise power must be doubled to account for that at node Y and then divided by the 
square of the conversion gain. From Eq. (6.76), the conversion gain in the presence of 

a capacitance at node P is equal to (2/rr)g111,Rvg1112/ c;,w2 + g?,,2 for abrupt LO edges 
(i.e., if Vp.W ..... oo). Note that the Cp's used for the noise contribution of M2 and gain 
calculation are given by (6.75) and (6.78), respectively, and slightly different. Nonethe­
less, we assume they are approximately equal. Tbe input-referred noise voltage is therefore 
given by 

( 
4kTy 2 ') , 4kTyg,1 + --Cpw· R[; + 8kTRv 

y2 , = �----�8�111�2--�-----
&111 2 4 2 R2 8,2 

rr28mi I) c2 2 + 2 pW 8,2 

= rr2 (-c�_w_
2 

+ 1) kT (-Y- + 
yC�w2 

+ ....,...
2-) 

c?.a g,, g,zg?,,, c?,, ,Rv 
· 

If the effect of Cr is negligible, then 

-2 ? ( y 2 ) v .. ur = rr·kT - + , . · g,., g�,1Rv 

(6.83) 

(6.84) 

(6.85) 
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Compare Eq. (6.85) with the input-referred noise voltage of a common-source stage having 
the same transconductance and load resistance. 

Solution: 

For the CS stage, we have 

, ( y I ) 
v,;_;,,cs = 4kT - + 2 . 

8ml 81111 Rv 
(6.86) 

Thus, even if the second term in the parentheses is negligible, the mixer exhibits 3.92dB 
higher noise power. With a finite Cp and LO transition times, this difference becomes even 
larger. 

The term rr2kTy f 8ml in (6.85) represents the input-referred contribution of M I· This 
appears puzzling: why is this contribution simply not equal to the gate-referred noise of 
M,, 4kTy f8ml? We investigate tltis point in Problem 6.7. 

We now consider the effect of gradual LO transitions on the noise behavior. Simi­
lar to the gain calculations in Section 6.3.1, we employ a piecewise-linear approximation 
(Fig. 6.58): the switching transistors are considered near equilibrium for 26T = 2(VGs -
Vm)eq/(5Vp_www) seconds per LO cycle, injecting noise to the output as a differential 
pair. During tb.is lime period, M, contributes mostly common-mode noise, and the output 

noise is equal to 

v,;,di.tl = 2(4kTyg .. 12R1 + 4kTRv), (6.87) 

where we assume 8m2 � g,3. Now, this noise power must be weighted by a factor of 
26T /Tw, and that in the numerator of Eq. (6.83) by a factor of 1 - 26TjT LO· The sum of 

M2 and M3 operate as 

a differential pair 
. . . ' 

M 2 operates as i i 
a cascode : : ' ' 

M 3 operates as 
a cascode 

::----11.-------- --!!.T 
• t 

Figure 6.58 Piecewise-linear wav�forms for mixer noise calculation. 
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these weighted noise powers must then be divided by the square of (6.76) to refer it to the 
inpuL The inpm-referred noise is thus given by 

2 2t:. T [ ( C�w2 ) ? 

] ( 
2t:. T

) 
8kT(ygm2R0 + Ro) -- + 4kTy 8ml + -- R0 + 8kTRo I - --

-,- Tw 8m2 TLo 
v,;.;n = ------------'=----72---

(

--'----

)

_,2,.----=-----
4 2 R2 g m2 l - 2t:. T 

rr28m1 D c2 · 2 + 2 T pW 8m2 W 
(6.88) 

Equation (6.88) reveals that the equilibrium overdrive voltage of the switching devices 
plays a complex role here: (I) in the first term in the numerator, 8m2 0< (Vcs - VTH)';;q1 
(for a given bias current), whereas t:. T 0< (V cs - VTH )eq; (2) tbe noise power expressed by 
the second term in the numerator is proportional to I - 2t:. T /ho wbjJe tbe squared gain 
in the denominator varies in proportion to (I - 2t:.TfTw)2, suggesting that t:.T must be 
minimized. 

Example 6.20 
A single-balanced mixer is designed for a certain IP3, bias current, LO swing, and supply 
voltage. Upon calculation of tbe noise, we lind it unacceptably high. What can be done to 
lower the noise? 

Solution: 

The overdrive voltages and the de drop across the load resistors offer little flexibility. We 
must therefore sacrifice power for noise by a direct scaling of the design. Illustrated in 
Fig. 6.59, the idea is to scale the transistor widths and currents by a factor of a and the 
load resistors by a factor of I /ot. All of the voltages thus remain unchanged, but the input-
referred noise voltage, Jv�.in• falls by a factor of .,Ja. Unfortunately, this scaling also 
scales the capacitances seen at the RF and LO ports, making the design of the LNA and the 
LO buffer more difficult and/or more power-hungry. 
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Figure 6.59 Effect of scaling on noise. 
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Flicker Noise Unlike passive mixers, active topologies suffer from substantial flicker 
noise at their output, a serious issue if the IF signal resides near zero frequency and bas a 
narrow bandwidth. 

Consider the circuit shown in Fig. 6.60(a). With perfect symmetry, the 1 If noise of Iss 
does not appear at the output because it is mixed with ww (and its harmonics). Thus, only 
the flicker noise of M2 and M3 must be considered. The noise of M2, V�2• experiences the 
gain of the differential pair as it propagates to the output. Fortunately, the large LO swing 
heavily saturates (desensitizes) the differential pair most of the time, thereby lowering the 
gain seen by v;2. 

In order to compute the gain experienced by V112 in Fig. 6.60(a), we assume a sinu­
soidal LO but also a small switching time for M2 and M3 such that Tss is steered almost 
instantaneously from one to the other at the zero crossings of LO and LO [Fig. 6.60(b)). 
How doe.s V112 alter this behavior? Upon addition to the LO waveform, the noise modulates 
the zero crossings of the LO (7]. This can be seen by computing the time at which the gate 
voltages of M, and M2 are equal; i.e., by equating the instantaneous gate voltages of M2 
and M3: 

obtaining 

VcM + Vp.LO sinwwr + Vn2(1) = VcM - Vp,LO sinwwr, 

2Vp,LO sin wwt = - V,r2(t). 

"'T'"---"'T'" 
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2/ss 
t 

(6.89) 

(6.90) 

Figure 6.60 (a) Flicker noise of switching device, (b) LO and drain current wa,,eforms, (c) modu· 
lation of zero crossing due to flicker noise, (d) equil'a/e/11 pu/sewidth modulation. 
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In the vicinity of t = 0, we have 

(6.91) 

The crossing of LO and LO is displaced from its ideal point by an amount of l:!.T 
(wwl:!.T « l rad) [Fig. 6.60(c)]: 

That is, 
l6. Tl = IV,a(t)l 

2 Vp.LOWLO 

(6.92) 

(6.93) 

Note that 2Vr.LOWLO is the slope of the differential LO waveform,5 Sw, and hence 
I!:!.TI = IV,a(t)i/Sw. 

We now a�sume nearly abrupt drain current switching for M2 and M3 and consider 
the above zero-crossing deviation as pu.lsewidth modulation of the currents [Fig. 6.60(d)]. 
Drawing the differential output current as in Fig. 6.60(d), we note that the modulated output 
is equal to the ideal output plus a noise waveform consisting of a series of narrow pulses 
of height 2/ss and width l:!.T and occurring twice per period [7]. If each narrow pulse is 
approximated by an impulse, the noise waveform in /02 - /03 can be expressed a� 

lll,ouJ(t) = I: 2lssVn2(t) 0 (t _ k-h_o ) .  
k= -oo Sw 2 

In the frequency domain, from Eq. (6.9), 

+oo 
4/ss " 1/l,ouJ(f) = T S L Vn2(/)o(t - 2k.fw). 

· LO LO 
k = -oo 

(6.94) 

(6.95) 

The baseband component is obtained for k = 0 because V,a (f) bas a low-pass spectrum. It 
follows that 

and hence 

Iss 
l,.om<f)ik = 0 = V Vn2(J), 

11" p.LO 

IssRo . Vn.ow<f)ik= o = V V,a(f). 
11" p.LO 

(6.96) 

(6.97) 

In other words, the flicker noise of each transistor is scaled by a factor of IssRv/(rr Vr.LO) as 
it appears at tbe output. It is therefore desirable to minimize the bias current of tbe switching 
devices. Note that this quantity must be multiplied by .Ji to account for the flicker noise 
of M3 as well. 

5. Because the dijference between VLo and I'LO must reach zero in l!.T secoods. 
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Refer lhe noise found above to the input of the mixer. 

Solution: 
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Multiplying the noise by .Ji to account for the noise of M3 and dividing by the conversion 
gain, (2/rr)g,tRo, we have 

(6.98) 

(6.99) 

For example, if (Vcs - VTH)t = 250 mV and Vp.LO = 300 mY, then V,a(f) is reduced by 
about a factor of 3.4 when referred to the input. Note, however, that (I) Vn2<f) is typically 
very large because M2 and M3 are relatively small. and (2) the noise voltage found above 
must be multiplied by .Ji to account for the noise of M3. 

The above study also explains the low 1// noise of passive mixers. Since Iss = 0 in 
passive topologies, a noise vol tage source in series with the gate experiences a high atten­
uation as it appears at the output. (Additionally, MOSFETs carrying negligible current 
produce negligible flicker noise.) 

The reader may wonder if the above results apply to the thermal noise of M2 and M3 

as well. Indeed, the analysis is identical [7] and the same results are obtained, with V112(f) 
replaced with 4kTy f 8m2· The reader can show that this method and our earlier melhod of 
thermal noise analysis yield roughly equal results if rr Vp.W � 5(Vcs - VTH )eq2.3· 

Another flicker noise mechanism in active mixers arises from the finite capacitance at 
node P in Fig. 6.60(a) [7]. It can be shown that the differential output current in this case 
includes a flicker noise component given by [7] 

l,,om(f) = 2fwCpV,a(f). (6.100) 

Thus, a higher ta.il capacitance or LO fTequency intensifies this effect. Nonetheless, tbe first 
mechanism tends to dominate at low and moderate frequencies. 

6.3.3 Linearity 

Tbe linearity of active mixers is determined primariJy by the input transistor's overdrive 
voltage. As explained in Chapter 5, the IP3 of a common-source transistor rises with the 
overdrive, eventually reaching a relatively cons tant value. 

The input transistor imposes a direct trade-off between nonlinearity and noise because 

IP3 <X Vcs - VTH 
-2- 4J(Ty 4kTy Vn.in = -8-- = -21 

(Vcs - VTH). m D 

(6. 101) 

(6. 102) 
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Figure 6.61 Eflecr of OlllfJIII wtll'eform 011 curnmr sreeri11g when one de•• ice emers rile rriode region. 

We also noted in Section 6.3.1 that the headroom consumed by the input transistor. 
Vcs - Vrfl, lowers the conversion gain [Eq. (6.67)]. Along with the above example. these 
observations point to trade· oft's among noise, nonlinearity, gain, and power dissipation in 
active mixers. 

The linearity of active mixers degrades if the switching transistors enter the triode 
region. To unde rstand this phenomenon, consider the circuit shown in Fig. 6.61, where M2 

is in the triode region while M3 is still on and in saturation. Note that (I) the load resistors 
and capacito rs establish an output bandwidth commensurate with the IF signal, and (2) the 
IF signal is uncorrelared with the LO waveform. If both M2 and M3 operate in saturation, 
then the division of l1w between the two transistors is given by their transc.onductances and 
is independent of their drain voltages.6 On the other hand, if M2 is in the triode region. then 
!02 is a function of the IF vohage at node X, leading to signa/-dependenl current division 
between M2 and M3. To avoid this nonlinearity, M2 must not enter the triode region so long 
as M3 is on and vice versa. Thus, the LO swings cannot be arbitrarily large. 

Compression Let us now study gain compression in active mixers. The above effect 
may manifest itself as the circuit approaches compression. If the output swings become 
excessively large, the circuit begins to compress at the output rather than at the input. by 
which we mean the switching devices introduce nonlinearity and hence compression while 
the input transistor has not reached compression. This phenomenon tends to occur if the 
gain of the active mixer is relatively high. 

An active mixer exhibits a voltage conversion gain of IOdB and an input 1-dB compres­
sion point of 355 mv,,, ( = -5 dBm). Is it possible that the switching devices contribute 
compression? 

6. We neglect chunnel·tength modulmion here. 
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At an input level of-5 dBm, the mixer gain drops to 9 dB. leading to an output differential 
swing of 355 mVt>P X 2.82:::::: I V p11• Thus. each output node experiences a peak swing of 
250 mV; i.e., node X in Fig. 6.61 falls 250 mV below its bi� point. If the LO drive is large 
enough, the switching devices enter the triode region and compi'Cl.� the gain. 

The input transistor may introduce compression even if it satisfies the quadratic char­
acteristics of long-channel MOSFETs. This is because. with a large input level, the gate 
voltage of the device rises while the drain voltage falls, possibly driving it into the triode 
region. From Fig. 6.5 I,  we can write the RF voltage swing at node Pas 

(6. 1 03) 

where Rp denotes the "average resistance" seen at the common source node of M2 and M3.7 

We can approximate Rp as (l/8m2ll l(l  /8mJ). where 8m2 and 8m3 represent the equilibrium 
transconductances of M2 and M3, respectively. In a typical design. g,1 Rp is on the order or 
unity. Thus, in the above example, as the input rises by 355 mV /2 = 178 mV from its bias 
value, the drain voltage of the input device falls by about 178 mV. If M1 must not enter the 
triode region, then the drain-source headroom allocated to Mt must be 355 mV higher than 
its quiescent overdrive voltage. Note that we did not account for this extra drain voltage 
swing in Example 6.12. lf we had, the conversion gain would have been even lower. 

The IP2 of active mixers is also of great interest. We compute the IP2 in Section 6.4.3. 

Design a 6-GHz active mixer in 65-nm technology with a bia� current of 2 mA from a 1 .2-V 
supply. Assume direct downconversion with a peak single·cndcd sinusoidal LO swing of 
400mV. 

Solution: 

The design of the mixer is c.onstrained by the limited vohage headroom. We begin by 
assigning an overdrive voltage of 300mV to the input transistor. Mt. and 150mV to the 
switching devices. M2 and M3 (in equilibrium) (Fig. 6.62). From Eq. (6.64). we obtain 
a maximum allowable de drop of about 600 mV for each load resistor. R0. With a total 
bias current of 2 rnA. we conservatively choose Ro = 500 Q. Note that the LO swing well 
exceeds the voltage necessary to switch M2 and M3. forcing lv2 or lu3 to go from 2mA to 
zero in about 5 ps. 

(CIIIIIIIIU<S) 

7. Since Rp varies periodically. with a frequency equal w 2ww, we cun expr�s its value by n Fourier series 
and consider the first term as the avel"•ge resistance. 
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Figure 6.62 Active mixer design for Tire 6·GHz band. 
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The overdrives chosen above lead to W1 = 15 JLm and Wz.3 = 20 JLfll. According to 
the gm-lo characteristic plotted in Chapter 5 for W = 1 0  JLfll, g,. reaches approximately 
8.5 mS for lo = 2mA X (10/ 15) = 1.33 rnA. Thus, for W1 = 15 JLm and /01 = 2 mA, we 
have gm1 = 8.5 mS X 1.5 = 12.75 mS = (78.4 Q)-1 . Capacitors C1 and C2 have a value of 
2 pF to suppress the LO component at the output (which would otherwise help compress 
the mixer at the output). 

We can now estimate the voltage conversion gain and the noise figure of the mixer. 
We have 

(6.104) 

=4.1  ( =  12.3dB). (6.105) 

To compute the noise figure due to thermal noise, we fi rst estimate the input-referred noise 
vol tage as 

(6.106) 

= 4.21 X J o-IS Y2 /Hz, (6. 1 07) 

where y "'< I. Note that, at a given IF f 0, this noise result� from both the signal band and 
the image band, ultimately yielding the single-sideband noise figure. We now write the NF 
with respect to Rs =50 Q as 

v2 

NF = l + 11'111 SSB 4kTRs 
=6.1(= 7.84dB). 

The double-sideband NF is 3 dB less. 

(6.108) 

(6.109) 
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In the simulation of mixers, we consider nonzero baseband frequencies even for direct­
conversion receivers. After all, the RF signal has a finite bandwidth. producing nonzero 
IF components upon downconversion. For example, a 20-MHz II a channel occupies a 
bandwidth of ± I  0 MHz in the baseband. Simulations therefore assume an LO frequency, 
fw, of, say, 6GHz, and an input frequency, .fiiF. of, say, 6.01 GHz. The time-domain 
simulation must then be long enough to capture a sufficient number of IF cycles for an 
accurate Fast Fourier Transfom1 (FFT). If the bandwidth at the mixer output nodes permits, 
we may choose a higher IF to shorten the simulation time. 

Figure 6.63 plots the simulated conversion gain of the mixer as a function of the peak 
input voltage, V;,.p. Here,Jw = 6 GHz,.fi, = 5.95 GHz, and V;,,p is increased in each sim­
ulation. The uncompressed gain is 10.3 dB, about 2 dB less than our estimate, falling by 
I dB at V;,.p = 170mV ( = -5.28dBm). Note that LO fcedthrough and signal distortion 
make it difficult to measure the amplitude of the 50-MHz IF in the time domain. For this 
reason, the FFTs of the input and the output are examined so as to measure the conversion 
gain. 
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Figure 6.63 Compression characTeristic of6-GHz mixer. 

Does this mixer design first compress at the input or at the output? As a test, we reduce 
the load resistors by a factor of 5, scaling the output voltage swings proportionally, and 
perform the above simulation again. We observe that the gain drops by only 0.5 dB at 
V;,,p = 170mV. Thus, the output port, i.e., the switching transisto rs, reach compression 
first. 

In order to measure the input IP3 of the mixer, we apply to the input two sinusoidal 
voltage sources in series with frequencies equal to 5.945 GHz and 5.967 GHz. The peak 
amplitude of each tone is chosen after some iteration: if it is too small, the output IM3 
component� arc corrupted by the FFT noise ftoor, and if it is too large, the circuit may 
experience higher-order nonlinearity. We choose a peak amplitude of 40 mY. Figure 6.64 
plots the downconverted spectrum, revealing a difference of 6 P = 50 dB between the 

(Continues) 
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Example 6.23 (Continued) 
fundamentals and the IM3 tones. We divide this value by 2 and by another factor of 20, 
compute I ot.P/40 = 17 .8, and multiply the result by the input peak voltage, ob taining 
IIP3 = 7 1 1  mYp ( = +7 dBm in a 50-Q system). The IIP3 is 12.3dB higher than the input 
P1d8 in this design-perhaps because when the mixer approaches P1t�a. its nonlinearity has 
higher-order terms. 
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Figure 6.64 Two-lone test of 6-Gl/z mixer. 

Figure 6.65 plots the simulated DSB noise figure of the mixer. The flicker noise heavily 
corrupts the baseband up to several megahertz. The NF at 100 MHz is equal to 5.5 dB, about 
0.7 dB higher than our prediction. 
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Figure 6.65 Noise figure of6-GHz mixer. 
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The mixer performance envelope defined by noise, nonlinearity, gain, power dissipation, 
and voltage headroom must often be pushed beyond the typical scenarios studied thus far 
in this chapter. For this reason, a multitude of circuit techniques have been introduced to 
improve the performance of mixers, especially active topologies. In this section, we present 
some of these techniques. 

6.4.1 Active Mixers with Current-Source Helpers 

The principal difficully in the design of active 1nixers stems from the contljcting require­

ment� between the input transistor current (which must be high enough to meet noise and 
linearity specifications) and the load resistor current (which must be low enough to allow 
large resistors and hence a high gain). We therefore surmise that adding current source-s 
("helpers") in parallel with the load resistors (Fig. 6.66) alleviates this conflict by affording 
larger resistor values. If !01 = 2/o and each current source carries a fraction, alo, then Rv 
can be as large as Vo/[(1 - a)lo], where Vo is the maximum allowable drop across Rv (as 
formulated by Eq. (6.64)]. Consequently, the voltage conversion gain rises as a increases. 
For example, if a = 0.5, then Rv can be doubled and so can the gain. A higher Rv also 
reduces its input-referred noise contribution [Eq. (6.85)). 

But how about the noise contributed by M4 and Ms? Assuming that these devices are 
bia�ed at the edge of saturation, i.e., JVcs - Vmks = Vo, we write the noise current of 
each as 4kTyg"' = 4kTy(2alo)/Vo, multiply it by R1 to obtain the (squared) noise voltage 
at each output node,8 and sum the result with the noise of Rv itself: 

-,- 2alo , 
v;; x = 4kTy --R0- + 4kTRv. . Vo 

(6. 1 10) 

where the noise due to other parts of the mixer is excluded. Since the voltage conversion 
gain is proportional to Rv, the above noise power must be normalized to R1 [and eventually 

Ro t (1-a)/0 
V1F<>-..... __j 

Figure 6.66 Addition of load current so11rces to relax headroom. constraints. 

8. The output resis1ance of M� and Ms can be absorbed in Ro for this calculation. 
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the other factors in Eq. (6.85)). We thus write 

v,� x 2alo 4kT -· = 4kTy- + ­Rb Vo Ro 

lo 
= 4kT-(2ay + I - a) 

Vo 

= 4kT
10 ((2y - !)a + 1 ) .  
Vo 

(6. 1 1 1 )  

(6. 1 12) 

(6.113) 

Interestingly, the total noise due to each current-source helper and its corresponding load 
resistor rises with a, beginning from 4J(l'lo/Vo for a =  0 and reaching (4kTlo/Vo)(2y) for 
a =  I. 

Example 6.24 
Study the flicker noise contribution of M4 and Ms in Fig. 6.66. 

Solution: 

Modeled by a gate-referred voltage, v�.l/f' the flicker noise of each device is multiplied by 
g�,4.5Rb as it appears at the output. As with the above derivation, we normalize this result 
toR1: 

v;;x -�- (2a/o)2 

Rb 
= V

,�.l/f Vo (6.114) 

Since the voltage headroom, Vo, is typically limited to a few hundred millivolts, the helper 
transistors tend to contribute substantial l If noise to the output. a serious issue in direct­
conversion receivers. 

The addition of the helpers in Fig. 6.66 also degrades the linearity. In the calculations 
leading to Eq. (6.1 13), we assumed that the helpers operate at the edge of saturation so as 
to minimize their transconductance and hence their noise current, but this bias condition 
readily drives them into the triode region in the presence of signals. The circuit is therefore 
likely to compress at the output rather than at the input. 

6.4.2 Active Mixers with Enhanced Transconductance 

Following the foregoing thought process, we can insert the current-source helper in the RF 
pc11h rather than in the IF path. Depicted in Fig. 6.67 (8), the idea is to provide most of the 
bias current of M1 by M4, thereby reducing the current flowing through the load resistors 
(and the switching transistors). For example, if llv41 = 0.75/vJ,  then Rv and hence the 
gain can be quadrupled. Moreover, the reduction of the bias current switched by M2 and 
M3 translates to a lower overdrive voltage and more abrupt switching, decreasing t;. T in 
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Figure 6.67 Addition of current source to tail of switching f'Oir. 
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Figs. 6.48(a) and 6.58 and lessening the gain and noise effects formulated by Eqs. (6.72) 
and (6.88). Finally, the output flicker noise falls (Problem 6.10). 

The above approach nonetheless faces two issues. FiJSt, transistor M4 contributes 
additional capacitance to node P, exacerbating the difficulties mentioned earlier. As a 
smaller bias current is allocated to M2 and M3, raising the impedance seen at their source 
[ � I /(2g111)], Cp "steals" a greater fraction of the RF current generated by M,, reducing 
the gain. Second, the noise current of M4 directly adds to the RF signal. We can readily 
express the noise currents of M 1 and M4 as 

Example 6.25 

12 
111 + 1,

2 114 = 4kTyg111J + 4kTyg1114 ll,/ 1.1 

= 4kTy + . 
[ 2/DJ 2a/Dl ] 

(Vcs - VTH ) ,  JVcs - VtHI2 

(6.115) 

(6.116) 

A student eager to minimize the noise of M4 in the above equation selects IVcs - Vml2 = 

0.75 V with v00 = I V. Explain the difficulty here. 

Solution: 

The bias current of M4 must be carefully defined so as to track that of M,. Poor match­
ing may "s tarve" M2 and M3, i.e., reduce their bias currents considerably, creating a high 
impedance at node P and forcing the RF current to ground through Cp. Now, consider the 
simple current mirror shown in Fig. 6.68. If IVcs - VTHI4 = 0.75 V. then 1Vcs41 may exceed 
Voo, leaving no headroom for I REF· In other words, iVcs - Vmi4 must be chosen less than 
Voo - 1Vcs41 - VtR£F, where VtREF denotes the minimum acceptable voltage across I REF· 

(Continues) 
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Figure 6.68 Currem mirror roltage limitations. 

In order to suppress the capacitance and noise contribution of M4 in Fig. 6,68, an 
inductor can be placed in series with its drain. Illustrated in Fig. 6,69(a) [91, such an 
arrangement not only enhances the input transconductance but allows the inductor to res­
onate with Cp. Addi�ionally. capacitor C1 acts as a short at RF, shunting the noise current 
of M4 to ground. As a result. most of the RF current produced by M1 is com mutated by M2 
and M3, and the noise injected by M2 and i\IIJ is also reduced (because they switch more 
abruptly), 

In the circuit of Fig. 6,69(a), the inductor parasitics must be managed carefully. Fi rst. 

L, contributes some capacitance to node P, equivalently raising Cp. Second, the loss of 
L1 translates to a parallel resistance. "wasting" the RF current and adding noise. Depicted 
in Fig. 6,69(b), this resistance, R1, must remain much greater than l/(2gm2.3) so as to 

-,-----r----� Voo 

(o) 

"'• 

j- Vb 

(b) 
Figure 6.69 (a) Use of inductil'e resol/lmce at tail wirh helper currenr source, (b) equil·alent circuit 

of inductor. 

Sec. 6.4. Improved Mixer Topologies 397 

negligibly shunt the RF current. Also, its noise current must be much less than that of M 1 .  
Thus. the choice of lhe inductor is governed by the following conditions: 

I 
Lt Cr.rot = -,­

W'RF 
I R, = QLIWRF » -­g,.2,3 

4kT .tkT 

-R = QL 
«.tkTyg.,., . 

I JWRF 
where Cr.101 includes the capacitance of L1• 

(6.117) 

(6.118) 

(6.119) 

The circuits of Figs. 6.67 and 6.69 suffer from a drawback in deep-submicron te,ch­
nologies: since M 1 is typically a small transistor, it poorly matches the current mirror 
arrangement lhat feeds M4. As a result, the exact current flowing through the switching 
pair may vary considerably. 

� 
Figure 6.70 shows another topology wherein capacitive coupling permits independent 

bias currents for the input transistor and the switching pair I I  01. Here. C1 acts as a short 
circuit at RF and L, resonates with the parasitics at nodes P and N. Furthermore, the voltage 
headroom available to M, is no longer constrained by (VGs - Vr11)2,3 and the drop across 
the load resistors. In a typical design, /01 I to may fall in the range of 3 to 5 for optimum 
pe1formance. Note that if lo is excessively low, the switching pair does not absorb all of 
the RF current. Another important auribute is that, as formulated by Eq. (6.97), a smaller 
/o leads to lower flicker noise at the output. 

L1 

N 

VRf"-1 ,1 

"' 

Ro 

VLoo--J 

I CN c1 

1-- VLo 
p 

� 10 ±cp 
- -

Figure 6.70 Acli•·e mixer using capaciti1•e coupling wilh resoncmce. 

6_4.3 Active Mixers with High IP2 

As explained in Chapter 4, the second intercept point becomes critical in direct-conversion 
lmd low-IF receivers as it signifies the corruption introduced by the beating of two 
interferers or envelope demodulation of one interferer. We also noted that capacitive 
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coupling between the LNA and the mixer removes lhe low-frequency beat, making 
the mixer the bo!!leneck. Thus, a great deal of effort has been expended on high-IP2 
mixers. 

Il is instructive to compute the IP2 of a single-balanced mixer in the presence of asym­
metries. (Recall from Chapter 4 that a symmetric mixer has an infinite lP2.) Let us begin 
with lhe circuit of Fig. 6.7l(a), where Vos denotes the offset vol tage associated with M2 
and M3. We wish to compute the fraction of Iss that flows to the output without frequency 
translation. As with the flicker noise calculations in Section 6.3.2, we assume LO and LO 
exhibit a finite slope but M2 and M3 switch instantaneously, i.e., they switch the tail current 
according to the sign of VA - Vo. 

As shown in Fig. 6.71(b), the vertical shift of Vw displaces the consecutive crossings 
of LO and LO by ±6.T, where 6.7 = Vos/Sw and Sw denotes the differential slope of 
the LO ( = 2Vt,.LOww). This forces M2 to remain on for T w/2 + 26.T seconds and M3 
for Tw/2 - li:!.T seconds. It follows from Fig. 6.7l(c) that the differential output cur­
rent, ID2 - lo3 contains a de component equal to (4/:!.TfTw)lss = Voslss/(JrVp.w). and 
the differential output voltage a de component equal to VoslssRv/(JrVp.w). As expected, 

Differential 
Output Current 

··� 

I 

-r-----,.- V DO 
Ro 

(a) 

T LO 
+ 21lT 2 

(c) 

T LO- 21lT 2 

• 
t 

(b) 

..... -- t 
tlT 

-r----.- Voo 
Ro 

(d) 

Figure 6.71 (a) Active mixen vith offset voltage. (b) effect of offset on LO waveforms, (c) duty cycle 
distortion of drain currents, (d) circuitfor iP2 computation . 
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this result agrees with Eq. (6.97) because lhe offset can be considered a very slow noise 
component. 

An interesting observation offered by the output 1// noise and offset equations is as 
follows. If the bias current of the switching pair is reduced but that of the input transcon­
ductor is not, then the performance improves because the gain does not change but the 
output l If noise and offset fall. For example, the current helpers described in lhe previous 
section prove useful here. 

We now replace Iss with a transconductor device as depicted in Fig. 6.7 l(d) and assume 

(6.1 20) 

where Vcso is the bias gate-source vol tage of M1• With a square-law device, the IM2 
product emerges in the current of M 1 as 

(6.121) 

Multiplying this quantity by VosRv/(JrVp.LO) yields the direct feedthrough to the output: 

(6. 122) 

To calculate lhe IPz, the value of V111 must be raised until the amplitude of VIM2.our becomes 
equal to the amplitude of the main downcorwened components. This amplitude is simply 
given by (2/Jr)g,tRvVm. Thus, 

Writing 8mt as J.LnCox(W /L)(Vcs - Vm)t. we finally obtain 

V" w 
VnP2 = 4(Vcs - Vm)t -· -. 

Vos 

(6. 123) 

(6.124) 

For example, if (Vc;s - Vm) t =250mY, Vp.w = 300mY, and Vos = IOmY, then 
V111'2 = 30 V p ( = 39.5 dBm in a 50-n system). Other IP2 mechanisms are described 
in [12] . 

The foregoing analysis also applies to asymmetries in the LO waveforms that would 
arise from mismatches within the LO circuitry and its buffer. If the duty cycle is denoted 
by (ho/2 - t.n!ho (e.g., 48%), then the de component in IDJ - ID2 is equal to 
(2/:!.T /Tw)lss, yielding an average of (2/:!.T /Tw)IssRv at the output. We therefore replace 
Iss with lhe IMz component given by Eq. (6. I 21  ), arriving at 

(6. 125) 
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"T"----r Voo 
Ro 

Figure 6.72 Input ojjser in a double-bailmced mixer. 

Equating the amplitude of this component to (2jrr)gmiRoV111 and substituting 
1-k"Cox(W /L)(Vcs - VTH)! for g.,. I ,  we have 

2Tw 
Vun = --(Vcs - VrH)I.  

rr tJ. T 
(6. 1 26) 

For example, a duty cycle of 48% along with (V cs - Vm) 1 = 250m V gives rise to 
Vur2 = 7.96 V p ( = 28 dBm in a 50-Q system). 

In order to raise the IP2, the input transconductor of an active mixer can be realized 
in differential form, leading to a double-balanced topology. Shown in Fig. 6.72, such a 
circuit produces a finite IM2 product only as a result of mismatches between M 1 and M2. 
We quantify this effect in the following example. Note that, unlike the previous double­
balanced mixers, this circuit employs a tail current source. 

Example 6.26 
Assuming square-law devices, determine the IM2 product generated by M1 and M2 in 
Fig. 6.72 if the two transistors suffer from an offset voltage of Vos1 -

Solution: 

For an RF differential voltage, tJ. V;n, the differential output current can be expressed as 

4/ss 2 
C (WJL) - (tJ. V;n - Vos• ) . /J.-n ox 

(6. 127) 

Assuming that the second term under the square root is much less than the first. we write 
.J"J=""S � l - s j2: 

(6.128) 
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Example 6.26 (Continued) 
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The cubic tenn in the square brackets produces an IM2 component if tJ. V;11 = V111 cosw1f + 
Vm cosw21 because the term 3tJ. vE, Vos1 leads to the cross product of Lhe two sinusoids: 

(6.129) 

(6.130) 

where (Vcs - VrH)eq represents the equilibrium overdrive of each transistor. Of course, 
only a small fraction of this component appea rs at the output of the mixer. For example. if 
only the offset oflhe switching quad, VoS2. is considcred,9 then the IM2 amplitude must be 
multiplied by Vos2Rof(rrV11.w), yielding an JIP2 of 

(6. 13 1)  

For example, if (Vcs-VrH)eq = 250 mV, Vp.W = 300 mV, and Vos1 = VoS2 = 1 0 mV, then 
Vun = 1000 v, ( = + 70 dBm in a 50-Q system). 

While improving the lP2 significantly, the use of a differential pair in Fig. 6.72degrades 
the IP3. As formulated in Chapter 5, a quasi-differential pair (with the sources held at 
ac ground) exhibits a higher IP3. We now repeat the calculations leading to Eq. (6. 13 1)  
for such a mixer (Fig. 6.73), noting that the input pair now has poor common-mode 

Vos2 
LO� 

"T'"---r Voo 
Ro 

Figure 6.73 Effect of offsets in a double-balanced mixer using a quasi-differential input pair. 

9. lo this cru;e. Vo.S2 represeots the difference betweeo the offse-ts of M3-M� and Ms-M6· 
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rejection. Let us apply V/F = Vm COS«Jtl + Vm cosw21 + Vcso and ViiF = - Vm COS«Jtl ­
VmcOSUJ2l + Vcso, obtaining 

(6.132) 

(6.1 33) 

While independenl of Vast. the low-frequency beat in lDJ is multiplied by a factor of 
VoS2Rof(rrVp.W) and that in !02 by VosJRof(rrVp.w). Here, Vo52 and VosJ denote the 
offsets of M3-M4 and M5-M6, respectively. The output thus exhibits an IM2 component 
given by 

VrMZ.our = [�M-nCox WL V,�, COS(«!! - wz)t] �D (Vosz + VoSJ). 
- rr p.LO 

(6.1 34) 

Noting that the output amplitude of each fundamental is equal to (2/rr)2V111gm1Rv and that 
8ml = M-nCoAW /L), (Vcso - VrH), we have 

8(Vcso - VTIJ ) 
v,fn? = v w r - V + V p. . 

052 053 
(6.135) 

For example, if Vas - VrH = 250m V, vp.W = 300m V, and VoS2 = VosJ = + I 0 m V, then 
Vu/'2 = 30 v, ( = + 39.5 dBm in a 50-r.l system). Comparison of the IIP2's obtained for the 
diJferential and quasi-differential mixers indicates that the latter is much inferior, revealing 
a trade-off between IPz and IP3. 

We have thus far considered one mechanism leading to a finite IPz: the passage of the 
low-frequency beat through the mixer's switching device.s. On the other hand, even with 
no even-order distortion in the transconductor, it is still possible to observe a finite low­
frequency beat at the output if (a) the switching devices (or the LO waveforms) exhibit 
asymmetry and (b) a finite capacitance appears at the common source node of the switch­
ing devices [II,  12]. In this case, two interferers, V111 COS WJI+ V,.COS«!21, arriving at the 
common source node experience nonlinearity and mixing with the LO harmonics, thereby 
generating a component at w ,  - wz after downconversion. The details of this mechanism 
are described in [ 1 1 , 12). 

While conceived for noise and gain optimization reasons, the mixer topology in 
Fig. 6.70 also exhibits a high lP2. The high-pass filter consisting of L1 ,  C1> and the resis· 
tance seen at node P suppresses low-frequency beats generated by the even-order distortion 
in M,. From the equivalent circuit shown in Fig. 6.74, we have 

(6.1 36) 

(6.137) 
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Figure 6.74 Effect of low�frequmcy beat in a mixer using capacitive coupli11g and resonance. 

At low frequencies, this result can be approximated as 

(6. I 38) 

revealing a high attenuation. 
Another approach to raising the IPz is to degenerate the transconductor capacitively. 

As illustrated in Fig. 6.75 [I  0], the degeneration capacitor, c,, acts as a short circuit 
at RF but nearly an open circuit at the low-frequency beat components. Expressing the 
transconductance of the input stage as 

g,. I 
G m = --''-".;;g-:-

1 + � 
c,,s 

g,., c,s 

(6.139) 

(6. 140) 

we recognize that the gain at low frequencies falls in proportion to C,s, making M1 
incapable of generating second-order intermodulation components. 

Figure 6.75 EffecT of capacitive degeneration on IP2. 
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The mixer of Fig. 6.75 is designed for a 900-MHz GSM system. What is the worst-case 
attenuation that capacitive degeneration provides for IM2 products that would otherwise be 
generated by M1? Assume a low-IF receiver (Chapter 4). 

Solution: 

We must first determine the worst-case scenario. We may surmise that the highest beat 
frequency experiences the least attenuation, thereby creating the largest IM2 product. As 
depicted in Fig. 6.76(a). this situation arises if the two interferers remain within the GSM 
band (so that they are not attenuated by the front-end filter) but as far from each other as 

possible, i.e., at a frequency difference of 25 MHz. Let us assume that the pole frequency, 
g,.jC11, is around 900 MHz. The 1M2 product therefore falls at 25 MHz and, therefore, 
experiences an attenuation of roughly 900 MHz/25 MHz = 36 (::::: 3 1  dB) by capacitive 
degeneration. However. in a low-IF receiver, the downconverted 200-kHz GSM channel is 
located near zero frequency. Thus, this case proves irrelevant. 

0 25 MHZ 

"" 25MHz 

GSM RX band 
(a) 

.. 
f 

"" 25 MHZ 

Desired 

. ill'• clnel .....
.. ··

·��· ·······
·

· r� . 

0 25 MHZ ._. : : --
200kHz 

(b) 

.. 
f 

Figure 6.76 Beat generation from (a) two blockers near the edges of GSM b'md. (b) two closely­
spaced blockers in GSM band. 

From the above study, we seek two interferers that bear a frequency difference of 200 
kHz (i.e., adjacent channels). As shown in Fig. 6.76(b), we place the adjacent interferers 
near the edge of the GSM band. Located at a center frequency of 200 kHz. the beat experi­
ences an attenuation of roughly 935 MHz/200 kHz = 4, 675 ::::: 73 dB. It follows that very 
hjgh IP2's can be obtained for low-IF 900-MHz GSM receivers. 

As mentioned earlier, even with capacitive coupling between the transconductor stage 
and the switching devices, the capaci tance at the common source node of the switching 
pair ultimately limits the IP2 (if the offset of the switching pair is considered). We therefore 
expect a higher IP2 if an inductor resonates with thjs capacitance. Figure 6.77 shows a 
double-balanced mixer employing both capacitive degeneration and resonance to achieve 
an lP2 of + 78 dBm [ I I ) .  
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Figure 6.77 Use of inductor at sources of switching quad to raise IP2. 

6.4.4 Active Mixers with Low Flicker Noise 
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Our study of noise in Section 6.3.2 revealed that the downconverted flicker noise of the 
switching devices is proportional to their bias current and the parasitic capacitance at their 
common source node. Since these trend� also hold for the IP2 of active mixers, we postulate 
that the techniques described in Section 6.4.3 for raising the fP2 lower flicker noise as 
well. In particular, the circuit topologies in Figs. 6.69 and 6.74 both allow a lower bias 
current for the switching pair and cancel the tai I capacitance by tbe inductor. Tbis approach, 
however, demand� two inductors (one for each quadrature mixer), complicating the layout 
and routing. 

Let us return to the helper idea shown in Fig. 6.67 and ask, is it possible to turn on the 
helper only at the time when it is needed? In other words, can we tum on the PMOS current 
source only at the zero crossings of the LO so that it lowers the bias current of tbe switching 
devices and hence the effect of their flicker noise [ 13]? In such a scheme, the helper itself 
would inject only cornmon-mode noise because it  turns on only when the switching pair is 
in equilibrium. 

Figure 6.78 depicts our first attempt in realizing this concept. Since large LO swings 
produce a reasonable voltage swing at node Pat 2<»w, the diode-connected transistor turns 
on when LO and LO cross and Vp falls. As LO or LO rises, so does Vp, turning Mn off. 
Thus, M N can provide most of the bias current of M 1 near the crossing points of LO and 
LO wbile injecting minimal noise for the rest of the period. 

LO LO '\_, -1  1- J'  
fVYY\1+-p---_..J 

Figure 6.78 Use of a diode·connected del'ice to reduce switching pair current. 
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Unfortunately, the diode-connected transistor in Fig. 6.78 doe-s not turn off abruptly as 
LO and LO depart from their crossing point Consequently, MH continues to present a low 
impedance at node P, shunting the RF current to ac ground. This issue can be resolved in 
a double-balanced mixer by reconfiguring the diode-connected devices as a cross-coupled 
pair [13]. As illustrated in Fig. 6.79 [ 1 3], MHt and MH2 turn on and off simultaneously 
because Vp and VQ vary identically-as if MHJ and MH2 were diode-connected devices. 
Thus, these two transistors provide most of the bias currents of M1 and M4 at the crossing 
points of LO and LO. On the other hand, as far a� the differenlial RF current of M1 and 
M4 is concerned, the cross-coupled pair acts as a negative resistance (Chapter 8), partially 
cancelling the positive resistance presented by the switching pairs at P and Q. Thus, MHJ 
and M H2 do not shunt the RF current. 

'\IV P  

Figure 6.79 Use of cross-coupled pair ro reduce current of switching quad. 

The circuit of Fig. 6.79 nonetheless requires large LO swings to ensure that Vp and 
VQ rise rapidly and sufficiently so as to turn off MH1 and MH2 '0 Otherwise, these two 
devices continue to inject differential noise for part of the period. Another drawback of this 
technique is that it does not lend itself to single-balanced mixers. 

The positive feedback around M111 and Mm in Fig. 6.79 may cause latchup, i.e., a slight 
imbalance between the two sides may pull P (or Q) toward Vvv. turning MH2 (or MHJ) off. 
Derive the condition necessary to avoid latchup. 

Solution: 

The impedance presented by the switching pairs at P and Q is at its highesl value when 
either transistor in each differential pair is off (why?). Shown in Fig. 6.80 is the resulting 
worst case. For a symmetric circuit, the loop gain is equal to (g..,u/g..,z.s)2, where Cmll 

10. Note that Mn t and Mm do not help the switching of the differential pairs because the 2cvLo waveforms at 

P and Q are identical (rather than differential ). 
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represents the transconductance of M H 1 and M H2. To avoid latchup, we must ensure that 

(8mH )2 < I . 
8m2 

Figure 6.80 Equil'ulenr circuit for hllcllllp calculmion. 

(6.141) 

The notion of reducing the current thJOugh the switching devices at the crossing points 
of LO and LO can alternatively be realized by turning off the transconduclor momentarily 
[ 14]. Consider the circuit shown in Fig. 6.81 (a), where switch S 1 is driven by a waveform 
having a frequency of 2fw but a duty cycle of, say, 80%. As depicted in Fig. 6.8l(b), S1 

I I I C. 
t 

lp 

(a) (b) 

Figure 6.81 (a) Use of a switch to tttm off the switching pair near LO zero crossings, (b) circuit 
waveforms. 
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briefly turns the transconductor off twice per LO period. Thus, if the crossing points of LO 
and LO are chosen to fall at the time-s when lp is zero, then the flicker noise of M2 and 
M3 is heavily attenuated. Moreover, M2 and M3 inject no thermal noise to the output near 
the equilibrium. The concept can be extended to quadrature double-balanced mixe rs ['14]. 
In Problem 6.12, we decide whether this circuit can also be viewed as a differential pair 
whose current is modulated (chopped) at a rate of 2fw. 

The above approach entails a number of issues. First, the turn-off time of the transcon­
ductor must be sufliciently long and properly phased with respect to LO and LO so that 
it encloses the LO transitions. Second, at high frequencies it becomes difficult to generate 
2fw with such narrow pulses; the conversion gain thus suffers because the transconductor 
remains off for a greater portion of the period. Third, switch S 1 in Fig. 6.81 does consume 
some voltage headroom if its capacitances must be negligible. 

6.5 UPCONVERSION MIXERS 

The transmitter architectures studied in Chapter 4 employ upconversion mixers to translate 
the baseband spectrum to the carrier frequency in one or two steps. In this section, we deal 
with the design of such mixers. 

6.5.1 Performance Requirements 

Consider the generic transmitter shown in Fig. 6.82. The design of the TX circuitry 
typically begins with the PA and moves backward; the PA is designed to deliver the spec­
i/ied power to the antenna while satisfying certain linearity requirements (in terms of the 
adjacent-channel power or l-dB compression point). The PA therefore present� a certain 
input capacitance and, owing to its moderate gain, demands a certain input swing. Thus, 
the upconversion mixers must (I) translate the baseband spectrum to a high output fre­
quency (unlike down conversion mixers) while providing sufficient gain, (2) drive the input 
capaci tance of the PA, (3) deliver the necessary swing to the PA inpur, and (4) nor limit the 
linearity of the TX. In addition, a� studied in Chapter 4, de offsets in upconversion mixers 
translate to carrier feedthrough and must be minimized. 

Figure 6.82 Generic transmitter. 

Sec. 6.5. Upconversion Mixers 

Explain the pros and cons of placing a buffer before the PA in Fig. 6.82. 

Solution: 

409 

The buffer relaxes the drive and perhaps output swing requirements of the upconverter. 
However, it may contribute significant nonlinearity. For this reason, it  is desirable to 
minimize the number of stages between the mixe rs and the antenna. 

The interface between the mixers and the PA entails another critical issue. Since the 
baseband and mixer circuits are typically realized in differential form, and since the antenna 
is typically single-ended, the designer must decide at what point and bow the differential 
output of the mixe rs must be converted to a single-ended signal. As explained in Chapter 5, 
this operation presents many difficulties. 

The noise requirement of upconversion mixers is generally much more relaxed than 
that of downconversion mixers. As studied in Problem 6.13, this is true even in GSM, 
wherein the amplilied noise of the upconversion mixers in the receive band must meet 
certain specifications (Chapter 4). 

The interface between the baseband DACs and the upconversion mixers in Fig. 6.82 
also imposes another constraint on the design. Recall from Chapter 4 that high-pass filter­
ing of the baseband signal introduces intersymbol interference. Thus, the DACs must be 
directly coupled to the 1nixers to avoid a notch in the signal spectrum." As seen below, this 
issue dictates that the bias conditions in the upconversion mixers be relatively independent 
of the output common-mode level of the DACs. 

6.5.2 Upconversion Mixer Topologies 

Passive Mixers The superior linearity of passive mixers makes them attractive for 
upconversion as well. We wish to construct a quadrature upconverter using passive mixers. 

Our study of downconve rsion mixers has revealed that single-balanced sampling 
topologies provide a conversion gain that is about 5.5 dB higher than their return-to-zero 
counterparts. Is this true for upconversion, too? Consider a low-frequency baseband sinu­
soid applied to a sampling mixer (Fig. 6.83). The output appears to contain mostly the 
input waveform and lillie high-frequency energy. To quantify our intuition, we return to the 
constituent waveforms, Y1 (I) and y2(1), given by Eqs. (6.12) and (6.16), respectively, and 
reexamine them for upconversion, a�suming that x(t) is a ba�eband signal. The component 
of interest in Yt (f) still occurs at k = ± I and is given by 

y1 (f) lk = ±I = X(f �fw) _ X(f + fw) 
}Tf }Tf 

(6.142) 

ll. ln reality, each DAC is followed by a low-pass filter to suppress the DAC's high-frequency output 
components. 
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Figure 6.83 Sampling mixer for upcom•ersio11. 

For Yz(f), we must also set k to ± 1 :  

Yz(f)ik =±I = -1- [ -X(f -}i.o) + X(f + fw)J r �(I - e -jw'lio/2)]. 
Tw uw 

(6.143) 

However, the term in the second set of brackets must be evaluated at the upcon­
verted frequency. If w = ww + wee, where wee denotes the baseband frequency, then 
exp( -jt.oTw/2) = exp( -jrr) exp(-jweeTw/2), which, for wee « 2fw, reduces to- ( l ­
Jwnnho/2). Similarly, if w = - w w - won. then exp( -jwTw/2) � - ( I  + )wnnho/2). 
Adding Y,(j) and Y2(f) gives 

r r, (f) + Y2(f)lk = ± • �
. 

wnn [ f � + -
2

1 ) x u - Jw) + (- -1 
+ -

2

1 ) x u +JLo>]. 
WLO + wen Vrr )1T 

(6.144) 
indicating that the upconverted output amplitude is proportional to wee/(ww + wee) � 
wee/tow. Thus, such a mixer is not suited to upconve rsion. In Problem 6.14, we study a reltlm-10-Zero mixer for upconversion and show that 
its conversion gain is still equal to 2/rr (for a single-balanced topology). Similarly, 
from Example 6.8, a double-balanced passive mixer exhibits a gain of 2/rr. Depicted in 
Fig. 6.84(a), such a topology is more relevant to TX design than single-balanced structures 
because the ba�eband waveforms are typically available in differential form. We thus focus 
on double-balanced mixers here. 

While simple and quite linear, the circuit of Fig. 6.84(a) must deal with a number of 
issues. First, the bandwidth at nodes X and Y must accommodate the upconverted signal 
frequency so a� to avoid additional loss. This bandwidth is determined by the on-resistance 
of the switches (R0,), their capaci tance contributions to the output nodes, and the input 
capacitance of the next stage (C;11). Wider switches increase the bandwidth up to the point 
where their capaci tances overwhelm C;,, but they also present a greater capacitance at the 
LO ports. 

It is possible to null the capacitance at nodes X and Y by means of resonance. As 
illustrated in Fig. 6.84(b) [ 15), inductor Lt resonates with the total capacitance at X and Y, 
and its value is chosen to yield 

I 
WJF= ' 

J i (Cx.Y + C;" ) 
(6.145) 
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LO LO 

X X 

L1 R1 
y y 

LO LO 

(a) (b) 

Figure 6.84 (a) Double-balallced upconversion passive mixe1; (b) use of resonance to increase 
bandwid1h. 

where Cx.r denotes the capacitances contri.buted by the switches at X or Y. At resonance, 
the mixers are loaded by the parallel equivalent resistance of the inductor, Rt = QLtWIF· 
Thus, we require that 2R0,. « Rt to avoid additional loss. This technique becomes 
necessary only at very high frequencies, e.g., at 50 GHz and above. 

The second issue relates to the use of passive mixers in a quadrature upconverter, where 
the outputs of 1\vo mixers must be summed. Unfortunately, passive mixers sense and pro­
duce voltages, making direct summation difficult. We therefore convert each output to 
current, sum the currents, and convert the result to voltage. Figure 6.85(a) depicts such 
an arrangement. Here, the quasi-differential pairs M1-M2 and M3-M4 perform V/1 conver­
sion, and the load resistors, IN conversion. Tltis circuit can provide gain wltile lending 
itself to low supply voltages. The grounded sources of M1-M4 also yield a relatively high 
linearity.12 

A drawback of the above topology is that its bias point is sensitive to the input common­
mode level, i.e., the output CM level of the preceding DAC. As shown in Fig. 6.85(b), IDJ 
depends on Vee and varies significantly with process and temperature. For this reason, we 

Summer -r----.- Voo 
Ro ·················· 

: .. ·········: LO � 

Passive 
Mixer 

(a) 

Vee ; l. lot 
DAC I : !75L-++--+-II M 1 i 

L--..J. VGS1 ; - . 
: •••.•..•••. 1 

(b) 

- . - : ................. 

Figure 6.85 (a) Summa/ion of quadrature outpws, (b) bias deji11ili011 issue. 

12. The ac ground at the source nodes reduces third order nonlinearity (Chapter 5). 
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Figure 6.86 Addition of tail curre/11 to define bias ofupconversioll VII converters. 

employ ac coupling between the mixer and the V/1 converter and define the latter's bias by 
a current mirror. Alternatively, we can resort to true differential pairs, with their common­
source nodes at ac ground (Fig. 6.86). Defined by the tail current�. the bia� conditions now 
remain relatively independent of the input CM level, but each tail current source consumes 
vol tage headroom. 

The trade-off between the voltage drop across Ro in Fig. 6.85(a) and the voltage gain proves 
undesirable, especially because Mi-M4 must be biased with some margin with respect to 
the triode region so as to preserve their linearity in the presence of large signals. Explain 
how this trade-off can be avoided. 

Solution: 

Since the output center frequency of the upconverter is typically in the gigahertz range, 
the resistors can be replaced with inductors. Illustrated in Fig. 6.87, such a technique con­
sumes little headroom (because the de drop across the inductor is small) and nulls the total 
capacitance at the output by means of resonance. 

Passive 
Mixer r ••••••••••• : LO : 

r-::::-�1/:�B�B�i 
_.1. i I i. D--iJ.· H DAC 

. : Ms : 
'---...1 : ........... : ': 

Figure 6.87 Use of inductive loads to relax upconversion mixer headroom constraints. 
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The third issue concerns the available overdrive voltage of the mixer switches, a par­
ticularly serious problem in Fig. 6.85(b). We note that Ms can be ac coupled to M,, but 
still requiring a gate voltage of Vrns + VGst + Voo to turn on. Thus, if the peak LO level 
is equal to Voo. the switch experiences an overdrive of only Voo - (Vms + Voo), thereby 
suffering from a tight trade-off between its on-resistance and capacitance. A small over­
drive also degrades the linearity of the switch. For example, if Vvo = 1 V, VTHs = 0.3 V, 
and Voo = 0.5 V, then the overdrive is equal to 0.2 V. It is important to recognize that 
the use of inductors in Fig. 6.87 relaxes the headroom consumption from Voo through Ro 
and MJ, but the headroom limitation in the path consisting of Voo, VGss, and Voo still 
persists. 

The foregoing difficulty can be alleviated if the peak LO level can exceed Voo. This is 
accomplished if the LO buffer contains a load inductor tied to V DD (Fig. 6.88). 

Now, the de level of the LO is approximately equal to Voo. with the peak reaching 
Voo + Vo. For example, if Voo = I V, VrH5 = 0.3 V, Voo = 0.5 V, and Vo = 0.5 V, then the 
overdrive of Ms is raised to 0.7 V. 

Passive 
Mixer Summer f ....... .  ··: �-...................... . 

+----:--t v-. ---')----.n i 1�. I 
. �1-

Vaa··% ·· ! Ms ! ! 1M1 Mr 

� ................. : t : .......... : : ....................... . 
Figure 6.88 Mixer headroom considerations. 

The above-V DD swings in Fig. 6.88 do raise concern with respect to device voltage 
stress and reliability. In particular, if the baseband signal has a peak amplitude of Va and a 
CM level of Voo, then the gate-source voltage of Ms reaches a maximum of Vov + Vo -
(Voo-Va), possibly exceeding the value allowed by the technology. In the above numerical 
example, since the overdrive of Ms approaches 0.7 V, VGss = 0.7 V + Vms = I V in the 
absence of the baseband signal. Thus, if the maximum allowable I'Gs is 1.2 V, the baseband 
peak swing is limited to 0.2 V. As explained in Chapter 4, small baseband swings exacerbate 
the problem of carrier feedtbrough i.n transmitters. 

It is important to note that, by now, we have added quite a few inductors to the circuit: 

one in Fig. 6.84(b) to improve the bandwidth, one in Fig. 6.87 to save vol tage headroom, 
and another in Fig. 6.88 to raise the overdrive of the switches. A quadrature upconverter 
therefore requires a large number of inductors. The LO buffer in Fig. 6.88 can be omitted 
if the LO signal is capacitively coupled to the gate of Ms and biased at Voo. 

Ca•·rie•· Feedthrough It is instructive to study the sources of carrier feedthrough in 
a transmitter using passive mixe rs. Consider the baseband interface shown in Fig. 6.89, 
where the DAC output contains a peak signal swing of Va and an offset voltage of Vos.DAC· 
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Figure 6.89 Effect of baseband offset in upconversion mixing. 

An ideal double-balanced passive mixer upconverts both the signal and the offset, pro­
ducing at its output the RF (or IF) signal and a carrier (LO) component. If modeled as a 
multiplier, the mixer generates an output given by 

Vw1(1) = a(Va cos liiBIJl + Vos.OAC) cos liiU)I, (6.146) 

where a is related to the conversion gain. Expanding the right-hand side yields 

aVa aVa 
Vour(t) = 2 cos(ww + wss)t + 2 cos(ww - wss)t + aVos.DAC cos wwt. (6.147) 

Since a/2 = 2/rr for a double-balanced mixer, we note that the carrier feedthrough has 
a peak amplitude of aVos.DAC = (4/rr:)Vos.DAC· Alternatively, we recognize that the 
relative carrier feedthrough is equal to aVos.vAcf(aVa/2) = 2Vos.vAcfV". For example, 
if Vos.DAC = 10m Y and Va = O.l V, then the feedthrough is equal to -34 dB. 

Let us now consider the effect of threshold mismatches within the switches themselves. 
As illustrated in Fig. 6. 90(a), the threshold mismatch in one pair shifts the LO waveform 
vertically, distorting the duty cycle. That is, v;,; is multiplied by the equivalent waveforms 
shown in Fig. 6.90(b). Does th.is operation generate an output component atfw? No, carrier 
feedthrough can occur only if a de component in the baseband is 1nixed with the fundamen­
tal LO frequency. We therefore conclude that threshold mismatches within passive mixers 
introduce no carrier feedthrough.13 

13. The threshold mismatch in fact leads to charge injection mismatch between the switches and a slight dis· 
rurbance at rhe ompm at the LO frequency. Bur rhis disrurbance carries liner energy because ir appears only 

during LO transitions. 
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Figure 6.90 (a) Offset in a passive upconversion mixe1; (b) effect on LO waveforms. 

Example 6.31 
If asynunetries in the LO circuitry distort the duty cycle, does the passive mixer display 
carrier feedthrough? 

Solution: 
In this case, the two switching pairs in Fig. 6.90(a) experience the same duty cycle distor­
tion. The above analysis implies that each pair is free from feedthrough, and hence so does 
the overall mixer. 

The carrier feedthrough in passive upconversion 1nixers arises primarily from mjs­
matches between the gate-drain capacitances of the switches. As shown in Fig. 6.91, the 
LO feed through observed at X is equal to 

CeDI - CeoJ 
Vx = Vw , 

CeDI + Ccv3 + Cx 
(6.148) 

where Cx denotes the total capaci tance seen from X to ground (including the input 
capacitance of the following stage). 



416 Chap. 6. Mixers 

+ Vee 

Figure 6.91 LO feeclthrough paths in a passive mixer. 

Example 6.32 
Calculate the relative carrier feedthrough for a Ccv mismatch of 5%, Cx � lOCcv. peak 
LO swing of 0.5 V, and peak baseband swing of 0.1 V. 

Solution: 

At the output, the LO feedthrough is given by Eq. (6.148) and approximately 
equal to (5%ji2)Vw = 2. 1 mV. The upconvcrtcd signal has a peak amplitude of 
0.1 V X (2/rr) = 63.7 mV. Thus, the carrier feedthrough is equal to -29.6d.B. 

Active Mixers Upconversion in a transmitter can be performed by means of active 
mixers, facing issues different from those of passive mixers. We begin with a double­
balanced topology employing a quasi-differential pair (Fig. 6.92). The inductive loads 
serve two purposes, namely, they relax vol tage headroom issues and raise the conversion 
gain (and hence the output swings) by nulling the capacitance at the output node. As with 
active downconversion mixers studied in Section 6.3, the voltage conversion gain can be 
expressed as 

(6.149) 

where Rp is the equivalent parallel re-sistance of each inductor at resonance. 
With only low frequencies present at the gates and drains of M1 and M2 in Fig. 6.92, the 

circuit is quite tolerant of capaci tance at nodes P and Q, a point of contrast to downconver­
sion mixers. However, stacking of the transistors limits the voltage headroom. Recall from 
downconversion mixer calculations in Section 6.3 that the minimum allowable voltage at 
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Figure 6.92 Active upconversion mixet: 

X (or Y) is given by 

(6.150) 

if the de drop across the inductors is neglected. For example, if Vcs1 - Vrm = 300 mV 
and VosJ - VrHJ = 200 mV, then Vx.min = 640 mV, allowing a peak swing of Vvv 
Vx,min = 360m V at X if V vo = 1 V. This value is reasonable. 

Example 6.33 
Equation 6.150 allocates a drain-source voltage to the input transistors equal to their 
overdrive voltage. Explain why this is inadequate. 

Solution: 

The voltage gain from each input to the drain of the corresponding transistor is about -I.  
Thus, as depicted in Fig. 6.93, when one gate voltage rises by V0, the corresponding drain falls by approximately V0, driving the transistor into the triode region by 2V0. In other 
words, the Vvs of the input devices in the absence of signals must be at least equal to their 
overdrive voltage plus 2V0, further lim.iting Eq. (6.150) as 

Vx.min = Vcs1 - VrHI + 2Va + (I + "'7) (Vcs3 - VrHJ). (6.151) 

The output swing is therefore small. If V" = IOO mV, then the above numerical example 
yields a peak output swing of 160 mV. 

(Ccmlinues) 
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Example 6.33 (ConTinued) 

Figure 6.93 Volwge excursions in on active upconversion mixer. 

Unfortunately, the bia� conditions of the circuit of Fig. 6.92 heavily depend on the 
DAC output common-mode level. Thus, we apply the modification shown in Fig. 6.86, 
arriving at the topology in Fig. 6.94(a) (a Gilbert cell). This circuit faces two difficulties. 
FiJSt, the current source consumes additional voltage headroom. Second, since node A 

cannot be held at ac ground by a capacitor at low baseband frequencies, the nonlinearity is 
more pronounced. We therefore fold the input path and degenerate the differential pair to 
alleviate these issues (Fig. 6.94(b)]. 

"'T'"----"T" V DD 

(o) (b) 

Figure 6.94 (a) Gilbert cell as upconversion mixer. (b) mixer with folded input StC/ge. 
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Example 6.34 
Detennine the maximum allowable input and output swings in the circuit of Fig. 6.94(b). 

Solution: 

Let us consider the simplified topology shown in Fig. 6.95. In the absence of signals, the 
maximum gate voltage of M 1 with respecl lo ground is equal to Vvv - JVcsd- JVnl. where 
JV111 denotes the minimum allowable voltage across /1. Also, Vp = Vn. Note that, due to 
source degeneration, the voltage gain from the baseband input to P is quite smaller than 
unity. We therefore neglect the baseband swing at node P. For M, to remain in saturation 
as its gate falls by Va volts. 

Vvv - JVcsd - JVnl - Va + iVTHd ::: Vp (6.152) 

and hence 
Va Si Vvv - JVcs1 - VrHII  - JVnl - JVnJ. (6.153) 

"T""---T" Voo 

LO ..J 

Figure 6.95 Simplified folded mixer diagmm. 

For the output swing. Eq. (6. J 50) is modified to 

Vx.min = (I + �) (Vcs3 - Vrm) + Vn. (6.154) 

The tolerable output swing is thus greater than that of the unfolded circuit. 

Despite degeneration, the circuit of Fig. 6.94(b) may experience substantial nonlinear­
ity if the baseband voltage swing exceeds a certain value. We recognize that, if Vinl - Vin2 
becomes sufficiently negative, J/Di l approaches !3, starving M3 and Ms. Now, if the differ­
ential input becomes more negative, M, and /1 must enter the triode region so a� to satisfy 
KCL at node P, introducing large nonlinearity. Since the random baseband signal occasion­
ally assumes large voltage excursions, it is difficult to avoid this effect unle-ss the amount 
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of degeneration (e.g., Rs) is chosen conservatively large, in which case the mixer gain and 
hence the output swing suffer. 

The above observation indicates that the current available to perform upconversion and 
produce RF swings is approximately equal to the difference between /1 and /3 (or between 
1z and /4). The maximum baseband peak single-ended voltage swing is thus given by 

l/1 - 131 
Va.max = 

Gm 

= l/1 - /31 -- + - . 
( I Rs) 

8m1.2 2 

(6.155) 

(6.156) 

Mixer Carrier Feedthrough Transmitte rs using active upconve rsion mixers potentially 
exhibit a higher carrier feedthrough than those incorporating passive topologies. This is 
because, in addition to the baseband DAC offset, the mixers themselves introduce con­
sider-able offset. In the circuits of Figs. 6.92 and 6.94(a), for example, the baseband input 
transistors suffer from mismatches between their threshold voltages and other parameters. 
Even more pronounced is the offset in the folded mixer of Fig. 6.94(b ), as calculated in the 
following example. 

Figure 6.96(a) shows a more detailed implementation of the folded mixer. Determine the 
input-referred offset in terms of the threshold mismatches of the transistor pairs. Neglect 
channel-length modulation and body effect. 

Voo 
vb1 

!-<> llin2 
lp Ia lp 

vb2 
-= -= 

(a) (b) 
Figure 6.96 (a) Role of bias currenT sources in folded mixet; (b) �UeCT of offseTs. 

Solution: 

As depicted in Fig. 6.96(b), we insert the threshold mismatches and seek the total mismatch 
between lp and IQ. To obtain the effect of VosJO, we first recognize that it generates an 
additional current of 8ml0 Vos10 in MJO. This current is split between Mz and M1 according 

Sec. 6.5. Upconversion Mixers 

' ( Col!fllllit'{[) 

to the small-signal impedance seen at node E, namely, 

1 
Rs + -

11 I . _ V. 
8ml 

02 VOSlO- 8ml0 OSlO 
l 1 

Rs + - + -
8ml 8m2 

1/ I _ V 
8m2 

Dl VOSIO - 8ml0 OSlO 1 1 · 
Rs + - + -

8mJ 8m2 
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(6.157) 

(6.158) 

The resulting mismatch between lp and IQ is given by the difference between these two: 

Rs 
lip - IQivOSlO = 8m10Vosl0 2 

Rs+ --
8ml.2 

(6.159) 

where 8ml.2 = 8ml = 8m2· Note that this contribution becomes more significant as the 
degeneration increases. approaching 8mloVos10 for Rs » 2/8m l.2· 

The mismatch between M3 and M4 simply translates to a current mismatch of 8m4 Vos4-
Adding this component to Eq. (6.159), dividing the result by the transconductance of the 
input pair, (Rs/2 + I/ 81111.2) - I , and adding Vos1, we arrive at the input-referred offset: 

(Rs I ) 
Vos. in = 8m10RsVos10 + 8m4 Vos4 - + -- + Vosl ·  

2 8m1.2 
(6.160) 

This expression imposes a trade-off between the input offset and the overdrive voltages 
allocated to M9-M10 and M3-M4: for a given current, 8m = 2/of(VGs - VrH) increases as 
the overdrive decreases. raising Vos.in· 

In addition to offset, the six transistors in Fig. 6.96(a) also contribute noise, potentially 
a problem in GSM transmitters 14 It is interesting to note that LO duty cycle distortion 
does not cause carrier feedthrough in double-balanced active mixers. This is studied in 
Problem 6.15. 

Active mixe rs readily lend themselves to quadrature upconversion because their out­
puts can be summed in the current domain. Figure 6.97 shows an example employing 
folded mixers. 

Design Procedure As mentioned in Section 6.1, the design of upconversion mixers typi­
cally follows that of the power amp I ifier. With the input capacitance of the PA (or PA driver) 
known, the mixer output inductors, e.g., L1 and Lz in Fig. 6.97. are designed to resonate at 

14. As explained in Chapter 4. the noise produced by a GSM n·ansminer in the receive band must be very 

small. 
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Figure 6.97 Summation of quadrature outputs. 

the frequency of interest. At this point, the capacitance contributed by the switching quads, 
Cq. is unknown and must be guessed. Thus, 

(6. 161)  

where CL includes the input capacitance of the next stage and the parasitic of Lt or L2. 

Also, the finite Q of the inductors introduces a parallel equivalent resistance given by 

Q Rp = __ .:::.._ __ . wo(Cq + CL) 
(6.162) 

If sensing quadrature baseband inputs with a peak single-ended swing of V0, the circuit of 
Fig. 6.97 produces an output swing given by 

_ r;:: 2 Rp Vp.ouF - -v 2 R I (2Va), 
7r � + -

2 8mp 

(6.163) 

where the factor of -J2 results from summation of quadrature signals, 2V0 denotes the 
peak differential swing at each input, and 8mp is the transconductance of the input PMOS 
devices. Thus, Rs. g111p, and Va must be chosen so as to yield both the required output swing 
and proper linearity. 

How do we choose the bias currents? We must first consider the following example. 

The tail current of Fig. 6.98 varies with time as Iss = To + To cos wsst. Calculate the voltage 
swing of the upconverted signal. 
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Example 6.36 (Continued) 

..,.....,.... ___ ,.....,_ Voo 
Rp 

Figure 6.98 Simplified stage for swing calculation. 

Solution: 

We know that Iss is multiplied by (2/rr)Rp as it is upconverted. Thus, the output voltage 
swing at ww- wen or ww + WBB is equal to (2/rr)/oRr. We have assumed that Iss swings 
between zero and 2/o, but an input transistor experiencing such a large current variation 
may become quite nonlinear. 

The above example suggests that To must be sufficiently large to yield the requi1·ed 
output swing. That is, with R, known, To can be calculated. A double-balanced version of 
the circuit generates twice the output swing, and a quadrature topology (Fig. 6.97) raises 
the result by another factor of -Ji, delivering a peak output swing of (4-J'ijrr)loRp. With 
lo ( = 13/2 = h/2 in Fig. 6.97) known, we select /1 = h = h/2 = 14/2. 

How do we select the transistor dimensions? Let us first consider the switching devices, 
noting that each switching pair in Fig. 6.97 carries a current of nearly /3 ( = /4) at the 
extremes of the baseband swings. These transistors must therefore be chosen wide enough 
to (I) carry a current of /3 while leaving adequate voltage headroom for /3 and /4, and (2) 
switch their tail currents neaJ·iy completely with a given LO swing. 

Next, the transisto rs implementing /3 and /4 are sized according to their allowable 
voltage headroom. Lastly, the dimensions of the input differential pair and the transistors 
realizing /1 and /2 are chosen. With these choices, the input-referred offset [Eq. (6.160)) 
must be checked. 

Example 6.37 
An engineer designs a quadrature upconversion mixer for a given output frequency, a given 
output swing, and a given load capacitance, CL· Much to her dismay, the engineer's man­
ager raises CL to 2CL because the following power amplifier must be redesigned for a 
higher output power. If the upconverter output swing must remain the same, how can the 
engineer modify her design to drive 2CL? 

(Colllinues) 
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Example 6.37 (Continued) 
Solution: 

Following the calculations outlined previously, we observe that the load inductance and 
hence R1, must be halved. Thus, all bias currents and transistor widths must be doubled so 
as to maintain the output voltage swing. This in turn translates to a higher load capacitance 
seen by the LO. In other words, the larger PA input capacitance "propagates" to the LO 
port. Now, the engineer designing the LO is in trouble. 
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PROBLEMS 

6.1. Suppose in Fig. 6.13, the LNA has a voltage gain of Ao and the mixers have a high 
input impedance. If the 1 and Q outputs are simply added, determine the overall 
noise figure in terms of the NF of the LNA and the input-referred noise voltage of 
the mixe rs. 

6.2. Making the same assumptions as in the above problem, determine the noise figure 
of a Hartley receiver. Neglect the noise of the 90

• 
-phase-shift circuit and the output 

adder. 

6.3. Consider the circuit of Fig. 6.99, where C1 and C2 are identical and represent the 
gate-source capacitances i.n Fig. 6.15(b). Assume V, = - V2 = Vo cos (J)L(JI. 

Figure 6.99 Capacitors driven by differentia/ waveforms. 

(a) If C1 = C2 = Co(l + a ,  V), where V denote.s the voltage across each capacitor, 
determine the LO feedthrough component(s) in V0111• Assume a 1 V « I .  

(b) Repeat part (a) if C, = C2 = Co(l + ex ,  V + a2V2). 

6.4. We express V111 in Fig. 6.29(c) as the product of the shaped resistor noise voltage and 
a square wave toggling between 0 and I. Prove that the spectrum of V111 is given by 
Eq. (6.31 ). 

6.5. Prove that the vol tage conversion gain of a sampling mixer approaches 6 dB as the 
width of the LO pulse.s tends to zero (i.e., as the hold time approaches the LO period). 

6.6. Consider the LO buffer shown in Fig. 6.55. Prove that the noise of Ms and M6 
appears dif.ferenrially at nodes A and B (but the noise due to the .loss of the tanks 
does not). 

6.7. In the active mixer of Fig. 6.57, In.MI contains all frequency components. Prove 
that the convolution of these components with the harmonics of the LO in essence 
multiplies 4kTy jg111 by a factor of rr2 /4. 

6.8. If transistors M2 and M3 in Fig. 6.60(a) have a threshold mismatch of Vas, determine 
the output flicker noise due to the flicker noise of Iss. 

6.9. Shown in Fig. 6.'1 00 is the front end of a 1.8-GHz receiver. The LO frequency is cho­
sen to be 900 MHz and the load inductors and capaci tances resonate with a quality 
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factor of Q at the IF. Assume M1 is biased at a current of !1, and the mixer and the 
LO are perfectly symmetric. 

(a) Assuming M2 and M3 switch abruptly and completely, compute the LO-lF 
feedthrough, i.e., the measured level of the 900-MHz output component in the 
absence of an RF signal. 

(b) Explain why the flicker noise of M 1 is critical here. 

1.8 GHz 

Figure 6.100 Front-end chain for a 1 .8-GHz RX. 

6.10. Suppose the helper in Fig. 6.67 reduces the bias current of the switching pair by a 
factor of 2. By what factor does the input-referred contribution of the fljcker noise 
fall? 

6.11. In the circuit of Fig. 6.67, we place a parallel RLC tank in series with the source 
of M4 such that, at resonance, the noise contribution of M4 is reduced. Recalculate 
Eq. (6.116) if the tank provides an equivalent parallel re-sistance of Rp. (Bear in mind 
that Rp itself produces noise.) 

6."12. Can the circuit of Fig. 6.8l(a) be viewed as a differential pair whose tail current is 
modulated at a rate of2fw? Carry out the analysis and explain your result. 

6.13. Suppose the quadrature upconversion mixers in a GSM transmitter operate with a 
peak baseband swing of 0.3 V. If the TX delivers an output power of I W, determine 
the maximum tolerable input-referred noise of the mixers such that the transmitted 
noise in the GSM RX band does not exceed -155 dBm. 

6.14. Prove that the voltage conve rsion gain of a single-balanced return-to-zero mixer is 
equal to 2/rr even for upconversion. 

6.15. Prove that LO duty cycle distortion does not introduc-e carrier feedthrough in double­
balanced active mixers. 

6.16. The circuit shown i.n Fig. 6.101 is a dual-gate mixer used in traditional microwave 
design. Assume when M1 is on, it has an on-resistance of Ron!· Also, assume abrupt 
edges and a 50% duty cycle for the LO and neglect channel-length modulation and 
body effect. 
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Figure 6.101 Dual-gate mixe�: 

(a) Compute the vol tage conversion gain of the circuit. Assume M2 does not enter 
the triode region and denote its transconductance by 8m2. 

(b) If Ron! is very small, determine the IP2 of the circuit. Assume M2 has an 
overdrive of Vcso - VTH in the absence of signals (when it is on). 

6.17. Consider the active 1nixer shown in Fig. 6.102, where the LO has abrupt edges and 
a 50% duty cycle. Also, channel-length modulation and body effect are negligible. 
The load resistors exhibit mismatch, but the circuit is otherwise symmetric. Assume 
M1 carries a bias current of Iss. 

(a) Determine the output offset voltage. 

(b) Determine the /P2 of the circuit in terms oft he overdrive and bias current of M 1 • 

-r----.- Voo 
R0 (1+ o.)R0 

Figure 6.102 Active mixer with load misnwtch. 




