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21. Determine the noise tiguce in Example 5.21 if the garn is reduced by 3 dB.

5.22. Compare the power consumptions of the single-ended and diiferential CS stages
discusscd in Sccion 5.6.1. Considcr two cascs: (a) the differential stage is derived
by only halving L, (and hence has a lower noise figure). or (b) the differential stage
is designed for the same NF as the single-ended circuit. CH A PTER

5.23. Repeat the analysis of the differential CG stage NF il a 1-10-2 balun is used. Such a
balun provides a vollage gain of 2.

5.24. Censider a MOS transistor conf.gurcd as a CS stagc and opcrating in saturation.
Determine the /P53 and Py,p if the device (a) follews the square-law behavior, fp
(Vs — V)2, or (b) exhibits field-dependent mobility [Eq. (5.183)]. (Hint: 7”3 and
P48 may nol be related by a 9.6-dB dif(erence in this case.)

MIXERS

In this chapter, our study ot building blocks focuses on downcenversion and upconversion
mixers, which appear in the receive path and the transmit path, respectively. While a decade
ago, mest mixers were realized as a Gilbert cell. many more variants have recently been
intreduced te satisfy the specific demands of different RX eor TX architectures. In other
words, a stand-alone mixer design is no longer meaningful because ils ulu'mate perfor-
mancc hcavily depends on the circuits surrounding it. The outlinc of the chapter is shewn

bclow.
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6.1 GENERAL CONSIDERATIONS

Mixers perform frequency translab’on by multiplying two wavelorms (and possibly their
harmonics). As such, mixcrs have three distinctly different ports. Figurc 6.1 shows a
gencric transcciver cnvironment in which mixcrs arc uscd. In the reccive path, the down-
conversion mixer senses the RE signal at its “RF port™ and the local oscillater waveferm
at its “L@ port.” The eutput is called the “IF port™ in a heterodyne RX eor the “baseband
port” in a direcl-conversion RX. Similarly, in the transmit path. the upconversion mixer
input scnsing the 1F or the bascband signal is called the IF port or the bascband port. and
thc output port is called the RF pert. The input driven by the LO is called the LO pert.
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.o turns the switch on and off, yielding Vi = Vys or
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Figure 6.1 Role of mixers in ¢ generic transceiver.
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Figure 6.2 («) Mixer using an idedd switch. (b) input ard output spectra.

Vi = 0. As explained in Chapter 2, with abrupt switching, the operation can be viewed
as mulliplication of the RF input by a square wave toggling belween 8 and 1. even il V¢
itself is a sinusoid. Thus, as illustrated in Fig. 6.2(b), the circuil mixes the RF inpul 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.

Thereader may wonder if the LO port of mixers can be Jinearized so as to avoid mixing
with the LO harmonics. As seen Jaler in this chapler, mixers suller from a Jower gain and
higher noisc as the switching in the LO port beecomes less abrupt. We therefore design mix-
ers and LO swings to ensure abrupt switching 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 garn when referred to the RX input. Similarly, the IP3 of the mixer
is scaled down by the LNA gain. (Recall from Chapter 3 that the mixer noise and 1P3
are divided by different gains.) The design of downconversion mixers therefore entails a
compromise between the noise figure and the IP3 (or P14g). Also, the designs of the LNA
and the mixer are inextricably linked, requiring that the cascade be designed as one enlaly.

Whecre in the design space do we begin then? Since the noisc figure of mixees is rarcly
less than 8dB, we typically allocate a gain of 10 to 15dB to the LNA and proceed with
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the design of the mixer, seeking to maximize its linearity while not raising iss NF. If the
resulting mixer design is not salisfactory, some iteration becomes necessary. For example,
wc may decide to turther lincarze the mixer cven it the NF increascs and compcensate for
the highcr noisc by raising thc LNA gain. We claborate on these points in various design
examples in this chapter.

In direct-conversion receivers, the IP» of the LNA/mixer cascade must be maximized.
In Section 6.4, we introduce methods of raising the 1P2 in mixers. Also, as mentioned
in Chaplcr 4, thc mixing spurs duc to thc LO harmonics become important in broadband
receivers.

For upconversion mixers, the noise proves somewhat critical only if the TX output
noise in the RX band must be very small (Chapter 4), but even such cases demand more
relaxed mixer noise performance than receivecs do. The linearily of upconversion mixers
is specificd by the type of modulation and the bascband signal swings.

Gain Downconversion mixers must provide sufficient gain to adequately suppress the
noise contributed by subsequent stages. However, low supply voltages make it difficult to
achieve a gain of more than rougbly 10dB while retaining linearity. Thus, the noise of
stages following the mixer still provces critical.

In direct-conversion transmitters, it is desirable to maximize the gain and hence the
output swings of upconversion mixers, thereby reluxing the gain required of the pewer
amplifier. In two-step transmilters, on the other hand, the IF mixers must provide only a
moderate gain $0 as to avoid compressing the RF mixer.

The gain of mixces must be carctully det.ned to avoid confusion. The *“voltage con-
version gain” of a downconversion mixer is given by the ratio of the rins voltage of the 1F
signal to the rims voltage of the RF signal. Note that these two signals are centered around
two different frequencies. The voltage conversion gan can be measured by applying a
sinusoid al wgp and finding the amplitude of thc downconverted componcent at wyr. For
upconversion mixers. the voltage conversion gain is defined in a similar fashion but from
the baseband or IF port to the RF port.

Jn raditional RF and microwave design, inixers are characterized by a “power conver-
sion gain,” dct.ncd as the output signal powcr divided by the input signal powcr. But in
modcra RF design, we prefer to cmploy voltage quantitics because the input impedances
are mostly imaginary, making the use of power quantities difficult and unnecessary.

Port-to-Port Feedthrough Owing to device capacitances, mixers sutfer from unwanted
coupling (feedthrough) Jrom one port 10 another [Fig. 6.3(a)]. For example. il the mixer

e Vio
= s

'\T( Vap o

(a) )]

1
im

Figure 6.3 (a) Feedthrough mechanisms in a mixer, () feedthrough paths in a MOS mixer.
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+® il s Example 6.1 (Continued)
((( LNA ‘w

T because even when M| is en. node X sees a resistance of approximately R to ground. With

abrupt switching, this voltage is multiplied by a square wave toggling between 0 and 1.
. LO . o : i
The eutpul dc oflset results from the mixing of Vx and the first barmonic e the square
‘Ji wavc. Exhibiting a magnitudc of 2sin(n/2)/n = 2/n, this harmenic can be cxpressed as
(2/1) cos wpet. yiclding
—.(2)—- LPF |
2
V() = Vx () X — cosmpgt + -+ (6.2)
Figure 6.4 Effcct of LO-RF feedthrough. T
RsCosw 2 ‘
S_Gs@Le Vicos(wipt + @) X - coswrpt + -+, (6.3)

J RiCiswig + |
is realized by a MOSFET |Fig. 6.3(b)). then the gate-source and gate-drain capacitances

create feedthrough from the L@ port to the RF and IF ports. where ¢ = (7/2) — tan” ! (RsCi;swe). The dc component is therefore equal to
The ef(ect o mixer porl-to-port (eedthrough on lhe performance depends on the R
architccturc. Consider the dircct-cenversion rccciver shown in Fig. 6.4, As cxplaincd in Vi = Y1 RsCaswrocos ¢ . (6.4)
Chapter 4. the LO-RF feedthrough proves undesirable as it produces both effsets in the 75 ‘/ RE-CE, SWE{] =5
baseband and LO radiation from the antenna. Interestingly, this feedthreugh is entirely
determined by the symmetry of the mixer circuit and L@® waveferms (Section 6.2.2). The As expected, the output dc oflset vanishes il Rs = 0.
L@-IF (eedthrough is benign because il is heavily suppressed by the baseband low-pass
filter(s).

The generatien of dc offsets can also be seen intuitively. Suppese, as shewn in Fig. 6.6.
Example 6.1 the RF input is a sinusoid having the same frequency as the L@®. Then, each time the switch
Consider the mixer shown in Fig. 6.5, where V. ¢ = V| cos wye! + Vo and Cgs denotes the turns on. the same portion ol the input wavel(orm appears at the outpul, preducing a certain

galc-sourcc evcrlap capacitance of M). Neglecung the on-resistance of M| and assuming average.

abrupt switching, determine the dc offset at the output for Rs =0 and Rg > 0. Assume The RF-LO and RF-IF f(;cdthroughs also provce problcmatic in dircct-conversien
RL > Rs receivers. As shewn in Fig. 6.7, a large in-band interferer can couple to the LO and

injection-pull it (Chapter 8), thereby coriupting the L@ spectium. To avoid this effect,
Rs —
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Figure 6.5 7.0-RF fecdthrough in a MOS device operuting us a mixer,

Solution:
The LO Icakage to nedc X is cxpressed as

Vy = RsCgss

_ _RsCess o 6.1
ReCoae | L% 6.1)

Figure 6.6 Offset generuted by L0 feaka ge.
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Example 6.2 (Continued)
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Figure 6.7 Effect of RF-LO feedthrough in u direct-conversion receiver, LO

Figure 6.9 Hulf-RF RX archifecture.
a buffer is typically inteipesed between the L® and the mixer. Also, as explained in

Chapter 4, the RF-IF [eedibrough corrupts the baseband signal by the bealt component Solution:

resulting from cven-order distortion in the RF path. (This phenomenon is characterized by For thc RF mixcr, thc LO-RF fccdthreugh is unimportant as it lics at wgr/2 and is sup-

the 1P2.) pressed. Also. the RF-LO feedthrough is not critical because in-band interferers are far
Now, consider the heterodyne RX depicted in Fig. 6.8. Here, the LO-RF feedthreugh is from the L@ frequency, creating little injection pulling. (Inteiferers near the L® frequency

relatively unimportant because (1) the L@® leakage falls outside the band and is attenvated are allenuated by the [ront end belore reaching the mixer.) The RF-IF [eedthrough proves

by the selectivity of the LNA, tbe front-end band-select f lter, and the antenna; and (2) the benign because low-frcquency beat components appearing at the RF port can be removed

dc offsct appcaring at the output of the RF mixcr can be removed by a high-pass flter. The by high-pass t ltcring.

LO-IF feedthrough. on the other hand, becomes serious if w;r and wyp are too close to The most critical feedthrough in this architecture is that from the LO port to the IF

allow filtering of the latter. The L® feedthrough may then desensitize the IF mixers if its poit of the RF mixer. Since w;- = wro, this leakage lies in the center of the IF channel,

level is comparable with their |-dB compression point. potentially desensitizing the IF mixers (and producing dc offsets in the baseband). Thus,

thc RF mixcr must be designed tor minimal LO-IF fecdthrough (Scction 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

RF topologies in Figs. 6.4 and 6.7.

Mixer
O

S v
I/L:_H:\ f'l_n-lF The port-to-port feedthroughs of upconversion mixers are Jess critical, except for the
Feedthrough Feedthrough L@®-RF component. As explained in Chapter 4, the L® (or carrier) feedthrough corTupts the

Lo transimitted signal constellation and must be minimized.

Figure 6.8 Effect of LO feedthrough in a hetervodvne RX. . . o
& bffect of LOJ X ' 6.1.2 Mixer Noise Figures

The noise figure of downconversion mixers is often a source of greal confusion. For

_ simplicity, lct us consider a noiseless mixcr with unity gain. As shown in Fig. 6.10, the

Example 6.2 spectrum sensed by the RF port consists of a signal component and the thermal noise of Rs
Shown in Fig. 6.9 is a rcceiver architecturc wherein wpo = wgs /2 so that the RF channel in both the signal band and the image band. Upon downconversion, the signal, the noise

is translated to an IF of wgpr — wio = wrp and subsequently to zero. Study the effect of n IZCNS]'{gr.'alhb?nt a.nd theg;(;;stz_mhlhe fmage LELCAES lransLated 0 wf‘ LT 1.he OL::_
port-to-port feedthroughs in this architecture., put ¢ is half the input $ it thc two neisc componcnts have cqual powers. i.c., the

mixer exhibits a flat frequency response at its input frem the image band to the signal band.
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Figure 6.10 SSB noise figure.

We theretore say the noisc t.gurc of a noiscless mixer is 3dB. This quantity is called the
“single-sideband” (SSB) noise figure to indicate that the desired signal resides on only one
side of the L@ frequency, a common case in heterodyne receivers.

Now, consider the direcl-conversion mixer shown in Fig. 6.11. In this case, only the
noise in the signal band is translated to the baseband, thereby yielding equal input and
output SNRs if the mixcr is noiscless. The noisc tigurc is thus equal to () dB. This quantity is
called the “double-sideband” (DSB) noise figure to emphasize that the input signal resides
on both sides of wy;, a conunon sitvation in direct-conversion receivers.

Signal
Spectrum at X Therina Band
MNoise
EER &,
Y
v + mLD (0
Mt * Spectrum at Y
= Oy g
0 W

Figure 6.11 DSB noise figure.

Jn summary, the SSB noise figure of a mixer is 3dB higher than its DSB noise figure
it thc signal and imagc bands expericnce cqual gains at the RF port of the mixcr. Typical
noise figure meters measure the DSB NF and predict the SSB value by simply adding 3 dB.

Example 6.3

A student designs the heterodyne recciver of Fig. 6.12(a) for two cascs: (1) wig1 is far frem
wrr: (2) wrg) 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 (Conrinied)
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Figure 6.12 (a) Hetervdye RX, (b) downcowersion of noise with image located out of band,
(¢) downconversion of noise with image focated in band.

{cl

Solution:

In the lirstcase, the seleclivity of the antenna, the BPE. and the LNA suppresses the thermal
noisc in the image band. Of course, thc RF mixer still folds its own noisc. The ovcrall
behavior is illustrated in Fig. 6.12(b), wherc Sx denotes the noise spectrum at the output
of the LNA and Smix the noise in the input network of the mixer itself. Thus, the mixer
downconverts three signilicant noise components to IF: the amplilied noise of the antenna
and thc LNA around wgr, its own noisc around wgr. and its imagc noisc around w;y,.

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(¢),
the RF mixer now downconverts [our signilicant noise components lo IF: the output noise
of the LNA around wgr and w;n, and the input noise of the mixer around wgr and wjy.
We therefore conclude that the noisc t:gurc of the sccond Jrequency plan is substantially
higher than that of the first. In fact, if the noise contributed by the mixer is much less

(Continues)
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Example 6.3 (Continued)

than that conmbuted by the LNA, the noisc figurc penalty rcaches 3dB. The low-IF
receivers of Chapter 4, on the other hand. do not suffer from this drawback because they
employ image rejection.

NF eof Birect-Conversion Receivers Itis ditticult to dcfinc a noisc figurc for reccivers
that translate the signal to a zere 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 the 7 output consists of the amplilied noise of the LNA plus the noise of
the 7 mixcr. (The mixer DSB NF is uscd here becaunsc the signal spectrum appears on both
sides of wrp.) Similarly, the noise in the Q output consists of the amplified noise of the
LNA plus the noise of the @ mixer.

| Mixer

—I-®—> LPF =

LNA T WLo
b LO

_...®_. LPF }— 0

Q Mixer

Figure 6.13 Direcr-conversion RX far NF calculation.

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

_ SNR;z _ SNR,,

NF = = i
SNR; SNRQ '

{6.5)

where SNR; and SNRg denote the SNRs measured at the 7 and Q outputs, respectively.
Indeed, this is the most common NF definition for direct-conversion receivers. However,
since the 7 and O oulputs are eventually combined (pessibly in the digital domain). the
SNR in the final combined output would scrve as a morc accurate mcasurc of the noisc
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 /
output by the data edges in the Q outpul, leading to a nonlinear combining of the baseband
quadraturc signals. For thcsc rcasons, the NF is usvally obtainced 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 errer rate, thereby
avoiding the NF ambiguity.
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Example 6.4

Considcer the simplc mixcr shown in Fig. 6.14(a). Assuming Rz > Rs and thc LO has a
50% duty cycle, determine the output noise spectrum due to Rs, i.e., assume Ry, is noiseless.

Rg
Vnout
i 5 f
Vors'. . Ry
{a)

by TIOT

t

/i
R ! 24TRs
I = * _3 qu;l ‘,‘.QSfLo sl - I &
i} I’ ‘!’ i o=l 0 g {7 I F F
VL W
(h)

Figure 6.14 (a) Passive mixer, (b) inpat and output signals in time and frequency domains.

Sohtion:

Since V.7 is equal to the noise of Rs for half of the L@ cycle and equal to zero for the
otber hall, we expec! the outpul power density to be simply equal 10 hall of that of the

input, i.c., V2, = 2kTRs. (This is thc one-sided spectrum.) To prove this conjecture, we
view V,, y,: () as the product of V, gs(7) 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 thal the power spectral densily of the square wave has a sinc? envelope,
exhibiting an impulse with an areaof 0.5% at f = (). two with an areaof (1/x)? atf = £fL0-
cte. The output spectrum consists of (a) 2kTRs X ().52, (b) 24TRs shifted to the right and to
the left by +f;0 and multiplied by (1/m)?, (¢) 2kTR; shifted to the right and to the left by
+3/.0 and multiplied by [ 1/ (3:rr)]z, etc. We therefore write

VE = TR | g + 25 + s + 2+ (6.6)
n, ot S 22 ﬂz (3”)2 (5”)2 5
= 2kTR l+2 1+]+l+ ) 6.7)
s ? H_z 3_2 5_2 . .. ) ( ’
Itcan be proved that 1 72+ 3724+ 572+ ... = x2/8. It follows that the two-sided output

spectruin is equal to TRs and hence the one-sided spectrum is given by

V2. = 2kTRs. (6.8)
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The above example leads to an important conclusion: if white noise is switched on
and oft with 5()% duty cycle, then the resulting spectrum is still white but carrics half the
power. More generally, if white noise is turned on for AT seconds and off for T — AT
seconds, then the resulting spectrum is still white and its power is scaled by AT/T. This
result 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 L@ perrod,
this topology is rarely used in modern RF design. Figure 6.15(a) depicts a more eflicient
approach whereby two switches arc driven by differential LO phascs, thus “commutating”
thc RF input to thc two outputs. Called a “singlc-balanced™ mixcr becausc of the bal-
anced LO waveforimns. this configuration provides twice the conversion gain ot the mixer of
Fig. 6.2(a) (Section 6.2.1). Furthermore, the circuit naturally provides differential outputs
even with a single-ended RF input, easing the design of subsequent stages. Also, as seen in
Fig. 6.15(b), thc LO-RF fcedthrough at @y o vanishes if the circuitis symmetric.'

The single-balanced mixer of Fig. 6.15(b) nonetheless suffers from significant LO-IF
feedthrough. In particular, denoting the coupling of Vi to Vou by + «V and that from
Vio 10 Vours by —&Vio, we observe that Vo, — V.2 contains an L@ leakage equal to
2aVio. To eliminate this effecl. 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 teedthroughs at each output, one from Vy o and another
from V. The output signals remain intact because, when Vi is high, V.1 = V,}*,; and
Vourz = Vgre, and when Vig is high, Voy = Vg and Voyg = Vap. That is, Vouer — Vouz is
equal to Vg — Vi, fora high LO and Vg — V.- for a low LO.

Called a “double-balanced” mixer, the circuit of Fig. 6.16 operates with both balanced
LO wavelorms and balanced RF inputs. It is possible to apply a single-ended RF inpul

Vl_l:'l

Vio i
i Casi| Cap1 T
— Voutt l; R
R
o 1 . | M1 Vouﬁ
VRF — VLO = VRF —
i Qut2
9/" B voulz %
% it Cgo2 =
Vio
(2) (b)

Figure 6.15 (a) Single-balanced passive mixer, (b} implementation of (a).

1. Due o nenlineatities, a component at 2wr.¢ still leaks 10 the inpuc (Problem 6.3},
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* ¥oun

= Youtz

Yio =

Figure 6.16 Double-balanced passive mixer.

(e.g., il the LNA is single-ended) wliile grounding the other. but at the cost of a higher
input-referred noisc.

Ideal LO Waveform What is the “ideal” LO waveform, a sinusoid or a square wave?
Since each LO in an RF transceiver drives a mixer,? we note ftom the above observations
that the LO wavcform must idcally be a square wavce to cnsurc abrupt switching and hence
maximum conversion gain. For example, in the circuit of Fig. 6.16(b), if V;o and V¢ vary
gradually, then they remain approximately equaf for a substantial fraction of the period
(Fig. 6.17). During this time, all four transistors are on, treating Vg, as a common- mode
input. That is, the input signal is “wasled” because it produces no differential component
tor roughly 2AT scconds cach period. As explainced later, the gradual cdges may also raisc
the noise figure.

At very high frequencies, the LO waveforms inevitably resemble sinusoids. We there-
fore choose a relatrvely large amplitude so as to obtain a high slew rate and ensure a
minimum overlap time, A T.

Figure 6.17 LO wave forms showing when the switches are on simultaneously.

2 ®@ne exception is when an LO drives only a frequency divider to avoid injection pulling (Chaprer 4),
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Since mixers equivalently multiply the RF input by a square wave, they can down-
converl interferers located al the L@ harmonics, a serious issue in broadband receiver.
For cxamplc, an intcrfcrer at 3f;¢ is attcnuated by about only 10dB as it appcars 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 lhese types in the [ollowing 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 input impedance of a certain type of passive mixers. We ficsl assume
that thc L@ bas a duty cycle of 50% and the RF input is driven by a valtage source.

6.2.1 Gain

Lel us begin with Fig. 6.18(a) and note that the inpul is multiplied by a squate wave toggling
between O and 1. The first harmonic of this waveform bas a pcak amplitude of 2/ and
can be expressed as (2/m) cos wrpt. In the frequency domain, this harmonic consists of
two impulses at twy o, each having an area of 1/7. Thus, as shown in Fig. 6.18(b). the
convolution of an RF signal with these impulses creates the IF signal with a gain of 1/
(~ —10dB). The conversion gain is lberefore equal to 1 /5t [or abrupl L@ swilching. We
call this topology a “return-to-zcro™ (RZ) mixer becausc the output falls to zcra when the
switch turns off.

Vio
VHF o—o/ Vie
% AL
(a)

" Y ¥ i

-Opr 0  +*orF © e 0 +Wo o - 0 +0E ©

A=
==

(b)

Figure 6.18 («) Inpus annd output wave forms of a retarn-to-zero mixer, (b) correspounding specrra.
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Example 6.5

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

Solution:

Since the square wave toggling between O and 1 cairies an average of 0.5, Vg, itself also
appeacs at the outpul with a conversion gain ol 0.5. Thus, low-[requency beal compo-
nents resulting from cven-arder distortion in the preceding stage dircetly go to the output,

yielding a low 1P3.

Example 6.6

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

pology.

Solution:

As illustrated in Fig. 6.19, the second outpul is similar to the fitst but shifted by 180
Thus. the differential output contarns twice the amplitude of cach single-cnded output. The
conversion gain is therefore equal to 2/7 (= —4dB). Providing differential outputs and
twice the gain, this circuit is superior to the single-ended topology of Fig. 6.18(a).

%n

Vg o—9

L
| 7
%RL

Vouti= Voutz

J
Il
.
"
i

Figure 6.19 Wavefurns for passive mixer gain contputation.

Example 6.7

Determine 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 wavefonus.)

(Continues)
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Example 6.7 (Continued)

Vio
2 Ry Veurr-Youz
o v -
+ FF;"_E: VM1 ;
s => A
s \J
v,
oAN2 i
H e b
Vio
{a} ()

Figure 6.20 (a) Double-balanced passive mixer (b) ous put wave forms.

Solution:

In this casc, Vi is cqual to VR*F for onc half of the LO cycle and cqual to Vg for the
other half, i.e., R| and Rz can bc omitted because the outputs do not “float” From the
waveforms shown in Fig. 6.20(b), we observe that V1 — V2 can be decomposed into
two return-to-zero waveforms, each having a peak araplitude of 2Vg (why?). Since each of
these wavelorms generates an JF amplitude of (1/27}2Vg and since the oulputs are 180" out
of phasc, we conclude that V,;1 — V2 contains an IF amplitudc of (1/5¢)(4Vy). Noting
that the peak differential input is equal to 2V;, we conclude that the circuit prevides a
voltage conversion gain of 2/s57, equal to that of the single-balanced counterpart.

The reader may wonder why resistor Ry, 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 “sampling” mixer or a “non-return-to-zero” (NRZ)
mixer. such an arrangement operates as a saraple-and-bold circuit and exhibits a higher
gain because the outpul is fiefd—rather than resel—when the switch tums off, In facl. the
output waveform of Fig. 6.21(a) can be decomposcd into two as shown in Fig. 6.21(b),
where y(7) is identical to the return-to-zero output in Fig. 6.18(a), and ¥2(¢) denotes the
additronal output stored on the capacitor when S| is off. We wish to compute the voltage
conversion gain,

We t.rstrecall the following Fouricr transform pairs:

+ 00 | + oo JI;.'
Z 51— KT) & — Z a(f—?) (6.9)

k=—na k=—nc

x(t—T) o e TX(f) {6.10)

R
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a)

v, (0 1 £

~g
-~

{b)

Figure 6.21 (a} Sampling mixer. (b) vutput waveform decomposition,

where [[[¢/(T/2) — 1/2] represents a square pulse with an amplitude of | between 1 =0
and t = T/2 and vero elsewhere. The right-hand side of Eq. (6.11) can also be expressed as
asinc. Sincc y;{r) is equal to x(z) mulliplied by a square wave toggling between zero and |,
and since such a squarc wave is cqual to the convolution of a squarc pulsc and a train of
impulses [Fig. 6.22(a)|, we have

.I - o0
yi{t) =x(1) []_[ (TL;KE = ;) x Y b(1- kTma}, (6.12)

e ]

0 Tio .I_ 2T g-To 0 +T g +#2T o

IF Component

A invi(f)
l ! | ‘ |! * -3fo T ‘i . #3fig _F‘::} ! l l l
0 7 N 7 ho 0+ T 7T 0 ’
(b)

Figure 6.22 (a) Decomposition of « square wave, (b) input and owmpul spectra corresponding
to Y.
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where T denoles the L@ period. It [ollows from Eqs. (6.9) and (6.11) that

+ o

I - l k
=X — (1 - g 9@To/2)y -— 1. 13
Yi(h) (f)*[jw(l e )rmg: s(f rw)] (6.13)

= =K

Figurc 6.22(b) shows thc corrcsponding spectra. The compancent of interest in ¥ () lics at
the IF and is obtained by setting k to £ 1

A e P (Rl o] (R | SO
w B

Two Tro
The impulse, in cssence, computes [1/(w)][1 — cxp(—jwTio/2)] at £1/Tio, which
amounts to =Tz 0/ (Jjrr). Multiplying this result by (1/7;)8(f £ 1/T;10) and convolving it
with X(f), we have

NHOlir=

X(f—fro)  X(f+[re) (6.15)
jn n |

R

As cxpected, the conveesion gain from X (f) to Y1 (f)is cqual ta | /5t, but with a phasc shift
of 98

The second output in Fig. 6.21(b}, »(#, can be viewed as a train of impulses that
sample the inpul and are subsequently convolved with a square pulse [Fig. 6.23(a)].
That s,

+ 00
() = ~ Tio ! 1
yaln) = [rm Y o8 (r — kTpo — T)} [ ] ( 072 E)‘ (6.16)

k=—ng

y,it)
- - Lo
Tw To Mo 2T STo ¢ To 370 5Tio 0 To t
2 2 2 2 2 2 2

(a)
IF Component

_-’m | ﬂ‘\ -
it f

o k% . .
L

(b
Figure 6.23 (a} Decomposition of ¥2(F), (b) corresponding spectrunt.
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and hence
] + ¢ ot , k l -j - /"
B = [XD x e 3 edTors (- —— ) | = (1 = o) - e17)
To = T10 Jjeo

Figure 6.23(b) depicts the spectrum, revealing that shifted replicas of X{(f)} are multiplied
by a sinc envelope. Note the subtle difference between Y (f) and Y2(f): in the former, each
replicaot X (/) is simply scaled by a factor, whereas in the latter, each replica experiences a
“droop” due to the sinc envelope. The component of interestin Y2(f) is obtained by selling
koLl

| | .
Ya(filir = EI—XU’ — fro) — X(f + fro)l LE (l — ¢ J'"fwf-)] ) (6.18)

The term in the second set of square brackets must be calculated at the IF. If the IF is much
lower than 2f1 0, then exp(—jwirT1o/ 2) ~ 1 — jwirTio/ 2. Thus,

-X(f =~ fro) — X +fi0)

> (6.19)

(lp ~

Notc that Y;( f) in fact contains a larger IF componcnt than docs Y1 (/). The total IF output
is therefore equal to

't 1
1Y () + Ta(f)Hlr = \." = + E[Uﬂf = fro)l + IX(f + fronll (6.20)
=0.593[1X(f — fro)l + IX(/ + fro)l]. (6.21)

If realized as a single-balanced topology (Fig. 6.24), the circuit provides a gain twice this
value. 1.186 ~2 1 48 dB. That is, a single-balanced sampling mixer exhibils about 5.5dB
highcr gain than its rcturn-to-zero countaipart. 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.

Vo jc
: L

—orl"o—T—a Vouti

_;T fices
T

Figure 6.24 Single-balanced sampling mixer.

Vipo—
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Example 6.8

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

Solution:

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

v,_n il ‘.
Var PEC: Youts
v.;m:i -
VI:.n i o

Figure 6.25 Double-balanced sampling mixer.

The above example may 1ule 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 operalion can be realized through the use of two
singlc-halanced mixces whosc outputs arc summed in the current domain. lllustrated con-
ceptually in Fig. 6.26 [1], the idea is to retain the sanples on the capacitors, convert each
differential output voltage to a current by means of M —M4, add their output currents, and

Voo
Vo T T VYo
i 'ET_TE" v
* PR, M M M M pr— =
Vipe—+ Vi 1= =2 i =4 Vio ——o Vi,
oo o

Figure 6.26 Ouiput combining of two single-balanced mixers in the current domein.
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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 Icakage of the LO waveform to the input of a mixer is added
to the RF signal and mixed with the LO, generating a dc offset at the output. We now study
this mechanism in the single-balanced sampling mixer. Consider the arangement shown
in Fig. 6.27(a), where Rs denotes the outpul impedance of the previous stage (the LNA).
Supposc the LO wavcforms and the transistors arc pert'ectly symmetric. Then, duc to the
nonlinearity of C¢s) and Cgs» arising from large LO amplitudes. Vi does change with time
but only at nvice the LO frequency [Fig. 6.27(b)] (Problem 6.3). Upon mixing with the LO
signal, this component is ranslated o fi and 3f.o—but not to de. In other words, with
perlectly-symmetric devices and LO wavelorms. the mixer exhibils no LO self-mixing and
hence no output de offscts.

In practice, however, mismatches between M and M> and within the oscillator circuit
give rise to a finite LO leakage to node P. Accurate calculation of the resulting dc offset is
difficult owing to the lack of data on various transistor, capacitor, and inductor nismatches
that lcad to asymmctrics. A rough rule of thumb is 10-20 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 dctermine the output noisc spectrum, compitic the output noisc power in
1 Hz at the IF, and divide the result by the square of the conversion gain, thus obtaining the
input-referred noise.

Let us begin with the RZ mixer, shown in Fig. 6.28. Here. R, denotes the on-resistance
of the switch. We assume a 50% duty cycle for the LO. The oulput noise is given by
4T (R,,]IRL) when S| is on and by 44TRy when it is off. As shown in Examplc 6.4, on the

Vio

0
M1 outl

= vcuﬂ

~Y

Vio
(a (b)
Figure 6.27 (a) LO-RF leukage path in a sampling mixer, (b} LO and leakage wave forms.
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Figure 6.28 RZ mixer forneise calculation.

average, the oulput contains hall of 4kT(R,,i|R ) and ball of 4kTRy:

V2 pur = 2kT[(RonlIRL) + RL]. (6.22)

If we sclect Ry, € Ry so as to minimizc the conversion loss. then
V2 0% 2KTR,. (6.23)

Dividing this result by 1/:¢2. we have

V2. =2nikTR; (6.24)

IR

22 20kTR; . (6.25)

That is, the noise power of R, ( = 4kTR,) is “amplified” by a factor of 5 when referred to
the input.

Example 6.9

Il Ry, =100 2 and Ry = 1 k2, determine the input-referred noise of the above RZ mixer.

Solution:
We have
2 = 8.14nV/VH. 6.26)

This noise would correspond to a noise figure of 10log[] + (8.14/0.91)?] = 19dB in a
50-€2 system.

The rcader may wonder if our choicec R,, < Ry is optimum. If Ry is very high. the
output noisc dccrcases but so docs the conversion gain. We now remove the assump-
tion R,, < R; and express the voltage conversion gain as (1/7)R;./(R,» + R;). Dividing
Eq. (6.22) by the square of this value gives

T m+ ; .r.|+ g
T _ 52y Ron + R (2Ron + R1)

n.in R, (6.27)
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This function rcaches a minimum of

Vn.in.m:’n = 27!2(2‘/5 + 3)kTR,, (6.28)

a 11 7kTR,, (6.29)

for R, = ﬁRo,,, For example, if R,, = 180X and R, = M2 x 180 €2, then the input-
referred noise voltage is equal 10 6.96 nV/+/Hz. (equivalent to an NF of 17.7 dB in a 50-92
systcm).

In rcality, the output noise voltages calculated above arc pessimistic because the input
capacitance of the following stage 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 10 compute the oulput noise spectrum of a sampling mixer. The output
noisc atthe IF can then be divided by the conversion gain to obtain the input-rcferred noisc
voltage. We begin with thrce observations. First, in the simple circuit of Fig. 6.29(a) (where
R\ denotes the switch resistance), if Vi, =0,

) 1
| 2SI L —

where V,fm = 2kTR, (for —00 <@ < + ovw). We say the noise is “shaped” by the tilter.?
Sccond, in the switching circuit of Fig. 6.29(b), thc output is cqual to the shaped noisc of

(6.30)

Track-Mode Hold-Mode

Noise \ / Noise
2 2
ViR R, Vo.R1 R, ; : :
il :

A -3 i
Vn,out MT Vaout —5
- e

A T

@) (h)

-—
t

Two T 3o 27,
2 2

(c)

Figure 6.29 (@) Equivalent circuic of sampling mixer for noise calculations, (b) noise in on and
off states, and {c) decomposition of out put weve form.

3. Recall from basic analog circuits that the integra) of this output noise from @ to os is equal to AT/ C).
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R when S 15 on and a sampled, constant value when it is off. Third, in a manner similar
te the gain calculation in Fig. 6.21, wc can dccompesc the output into twe wavctorms Vi
and V,2 as shown in Fig. 6.29(c).

It is tempting to consider the overall output spectrum as the sum of the spectra of V,,;
and V,». However, as explained below, the low-frequency noise components generated
by R| create correlation between the track-mode and hold-mode noise wavelorms. For
this rcason, we proceed as tollows: (1) computce the spectrum of V,) while cxcluding the
lew-frequency components in the noise of Ry. (2) do the same fer V,2, and (3) add the
contribution of the low-frequency compenents to the final result. In the denivations below,
we refer 1o the first two as simply tbe specira of Vi and Ve even tbough Vg (1) and
V(1) in Fig. 6.29 arc atfccted by the low-frequency noise of Ry. Similarly, we usc the

netatien VE‘ Ler () cven though its low-trcquency cemponcnts arc remeved and considercd
separately.

Spectrum of V) To calculate the spectrum of Vi, we view this wavefoim as the product
of V,ipr{s) and a square wave toggling between 0 and 1. As shown in Fig, 6.30. \he
spectrum of V,,y is given by the convolution ef V2 »-(f) and the power spectral density of

the squarc wave (impulscs with a sinc? cnvclope). In practice, the sampling bandwidth of
the mixer. 1/(R1C)), rarely exceeds 3wy o, and hence

6.31)

s 1 | 2kTR
vfl(f)::zx( o+ A
" = 9m< ) 1+ 2aR\CY)-

where the facter of 2 an the right-hand sidc accounts for the aliasing of components at
negative and pesitive frequencies. Atlow sutput frequencies, this expression reduces to

V3 =0.226(24TR)). (6.32)
Note that this is the two-sided spectrum of T}']

PSDof
Square Wave

i

X s

-3fLe -fLe 0 +fip +3f g f

Figure 6.30 Aliusing i V.

Spectrum of V,2  The spectium of V> in Fig. 6.29(c) can be obtained using the approach
illustrated in Fig. 6.21 for the conversion gain. That is, V0 is equivalent to sampling V,, 1 ar
by a train of impulscs and cenvelving the result with a squarc pulse, [ [[¢/(2T 10) — 1/21.
We must therefore cenvolve the spectrum of V,; pr with a train ef impulses (each having
an area of I/TEO) and multiply the result by a sinc? envelope. As shown in Fig. 6.31, the

sim;2 Envelope 2 1
E T e
* . \\T T ... on?
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Spectrum of
Impulse Train

I O A O O O

0 f —3'1_0 -2fLO -fLO ¢ 0'|_° 02’L0 ’3fLO b

Figure 6.31 Aliasing in V.

convolution translates noise components around 3f . £2f 0, etc., to the IF. The sum of
these aliased components is given by

T g x TR { : + : + ] (6.33)
alias 2 ; 222 222 (942 ‘
Trp |1 H4RIRICHL, 1 +H4miRICI(21,)
2kTR) — |
=2X I 6.34
TEO E 1 + a2n? ¢ )
n=

where ¢ = 2w R1C\f10. For the summation in Eq. (6.34), we have

OC
| | g bra
— =_(ZcothZ — 1), 6.35
§l+a2;i? Z(aco a ) ( )
Also, typically (2:tRC1) ! > fuo and hence coth(ZR.C]fw)"l = ]. It follows that
kT I
V2 .=T( _2R)- (636
n.allas TE‘ C[[LO I )

This result must be multiplied by the sinc? envelope, |(jw)~ 'l = exp(~jwTio/2)11%,
which bas a magnitude ol T; g/4 al low frequencies. Thus. the two-sided IF spectrum of
Va2 is given by

5 1 R
V3, = kT( = —'). (6.37)
= 4Cifro 2

Correlation Between V,y and V,,2  We must now consider the correlation between V|
and Vo in Fig. 6.29. The correlation arises [rom two mechanisms: (1) as the circuit entecs
the track modc, the previous sampled valuc takes a tnite time to vanish, and (2) when the
circuit enters the hold mode, the frezen neise value, V.2, is partially correlated with V.
The former mechanism is typically negligible because of the short track time constant. For
the Jatler, we recognize that the noise frequency components [ar below fro remain relatively
constans during the track and hold modes (Fig. 6.32); it is as if thcy cxpcericnced a zcre-
order held operation and hence a conversion gain ot unity. Thus, the R| noisc componcnts
frem @ to reughly f;,0/10 directly appear at the output, adding a noise PSD of 2kTR) .

Sunuming the one-sided spectra of V,; and V» and the low-frequency contribution,
4kTRy, gives the total (one-sided) outlput noise al the TF:

o 1
VJ%,(NHJ[‘- =&T (39R] + 2C]fL‘ ) 0 (638)
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Low-Frequency Sampled
Noise Noise

H H H H H : -
0 Two 71, 30 21, STio
2 2

Figurce 6.32 Corvelation between noise components in acquisition and hold modes.

R, R,
J-‘- Y ﬂ
"'rin th Vn.out

R, 1 R

(a) (b)

Figure 6.33 (a) Equivalent circuit of double-balanced passive mixer; (b) simplified civcuit.

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

ve =2.85kT (3.91!1 +

N

I
. (6.39)
26,f w)
Note that [2] and [ 3] do not predict the dependence on R or Cj.
For a single-balanced (opology. the dillerentral output exhibits a noise power twice
that given by Ea. (6.38), but the voliage conversion gain is twicc as high. Thus, the input-
referred noise of a single-balanced passive (sampling) mixer is equal to

> kT
V:Jin SR = (39R| + ; ) (64())
g 5 (L N l 2C\f 10
x? 4
l
= 1.42kT (3.9R1 + , ) . (6.41)
2C\f 1o

Let us now study the noiseof 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 abiupt L@ edges, a resistance equal 10 R| appears between one input and
one outpul at any point in time [Fig. 6.33(a)]. Thus. [rom Fig. 6.33(b), v2 .= 8kTR\.
Sincc the voltage conversion is cqual to 2/,

V2. =27 kTR,. (6.42)

i
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(n 1)

Figure 6.34 (a) Passive mixer fdlowed by gain stage, (b) bias path at the RF input, (c) bias path at
the baseband out put.

The low gain of passive mixers makes lbe noise of the subsequenr stage critical.
Figure 6.34(a) shows a typical arrangement, where a quasi-difterential pair {Chapter 5)
serves as an amplifier and ils input capacitance holds the output of the mixer. Each
common-source stage exhibits an input-referred noise vollage ot

— 4k 4
- KTy | 4kT

= -, 6.43
nCs T T gy (6.43)

This power should be doubled 10 account for the two halves of the circuit and added 1o the
mixer outpul noise power.

How is the circuit of Fig. 6.34(a) biascd? Dcpicted in Fig. 6.34(b) is an cxamplc. Herc.
the bias of the preceding stage (the LNA) is blocked by C), and the nciwork consisting ef
Racr, Macr, and Iarr delines the bias current of M| and M2. As explained in Chapter S,
resistor Ryxp is chosen much greater than the outpul resistance of the preceding stage. We
lypically select Wgep = 0.2W).2 so that [1.2 =53 /gss.

In the circuit of Fig. 6.34(b), thc dc voltages at nodcs A and B arc cqual 10 Vp unless
L@ sclf-mixing preduccs a dc offsct between these two nodces. The rcader may wonder it
the circuit can be rearranged as shown in Fig. 6.34(c) so thal the bias resistors provide a
path Lo remove the de offsel. The lollowing example elaborates on this point.

Example 6.10

A student considers the arrangement shown in Fig. 6.35(a), where Vi, medcls the L@ Icak-
age Lo the inpul. The student then decides that the arrangement in Fig. 6.35(b) is free from
dc offsets, reasoning that a positive dc voltage, Vi, at the output would lead 10 adc current,
Ve /R, through R, and bence an equal current through Rs. This is impossible because it
gives rise 10 a negarive voltage at node X. Does the student deserve an A?

(Cortinues)
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Example 6.10 (Corntinued)

_vil'l+ Rg _vh+ Rg : : 51.‘.‘ £ §
E{ —W— ot -EO—‘N.—Q’ ot e o’
X s, = X s, Vo e
I CL H._ = ?"
{a) (b) fch
Figure 6.35 («) Sampling aud (b) RZ mixes: (¢) RZ mixer waveforms.
Solution:

The average vollage at node X can be negau've. As shown in Fig. 6.35(¢), Vx is an attenu-
atcd version of Vi, when S| is on and cqual to Vi; when §) is off. Thus, the average valuc
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 dc offset.

6.2.4 Input Impedance

Passive mixcers tend to present an appreciable load to LNAs. We therefore wish to formulate
the input impedance of passive sanpling mixers.

Consider the circuit depicted in Fig. 6.36, where S is assumed ideal for now. Recall
trom Fig. 6.21] that the output voltage can be viewed as the sum of two waveforms y; (r) and
va(r), given by Eas. (6.12) and {6.16), respectively. The current deawn by C; in Fig. 6.36 is
cqual to

fout () = CJQ. (6.44)
dt
Moreover, i;,(¢) = (). Taking the Fourier transform, we thus have
Lin(f) = Cjw¥(f). (6.45)

where Y(f) is equal to the sum of ¥ (f) and Y2(f).

As cvident from Figs. 6.22 and 6.23, Y(f) contains many frequency components. We
must therefore refiect on the meaning of the “input impedance.” Since the input voltage
signal, x(¢), is typically confined to a narrow bandwidth, we seek frequency components in
Iin(f) that lie within the bandwidth of x(¢}. To this end. we set £ in Eqs. (6.13) and (6.17)
to zeres sO that X(f) is simply convolved with 8(f) [i.c.. thc center frequency of X (/) docs

finlt) I out(t)

Figuce 6.36 npus impedance of sampling mixer:
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not changc]. (This stands in contrast to gain and noisc calculations, where £ was choscn to
translate X (f) to the IF of interest.) It follows that

f{;,{f} | =i Tro 2 |
- {1 = g ioTof2y "5
o U4*Lﬁ( ; J}ﬂﬂﬂfﬂ

+ {xq ) * [Le—fﬂwﬂa( f}” e (1 - e‘f’w’fw”), (6.46)

Tro Jw
In the square brackes in the first term, w must be set to zero to evaluate the impulse at
f =0, Thus. the Grst term reduces to (1/2)X(f). In the second lerm, the exponential in the
square brackcts must also be calculated at w = 0. Conscquently. the sccond term simplifics
o (L/Ti@)X(NHL/{je)l] —cxp{—jwTro/2)]. We then arrive at an cxpression for the input

admittance: Iif |
in ) , | —iwT X
= iC —+ — e doTwf2) | 4

X(f) 'I lw[?. ijm(l ¢ )} (6.47)

Note that the on-resistance of the switch simply appears in series with the inverse of (6.47).
It is instiuctive to examine Eq. (6.47) for a few special cases. If w (the input frequency)
is much less than w; o, then the second term in the square brackets reduces to 1 /2 and

I:’n(f) .
X O

In other words. the enite capacitance is seen al the input [Fig. 6.37(a)]. f w ~ 27 f1e (asin
dircct-conversion reccivers), then the sccond term is cqual to 1 /()7) and

(6.48)

ffu(.f) =jClw
X(f) 2

The input impedance thus contains a parallel resistive component cqual to 1/(2/Cy)
[Fig. 6.37(b)). Finally, if @ > 2r {10, the second term is much less than the first, yielding
lialf) _ JCio
X(f} 2

+26C,. (6.49)

(6.50)

For the input impedance of a single-balanced mixer. we must add the switch on-
resistance, R, to the inverse of Ea. (6.47) and halve the vesult. If w = w¢), then

1

|+ —
J—Czlw +2fGi

yit)
c 1
c / } -— 1
1 I. | E 2fC1

() )

R (6.51)

Zinsg =

|
2

Figure 6.37 Input impedance of passive mixer for (a) w K wrp and (b} w= wip.




366 Chap. 6. Mixers
Vio Baseband
LNA l Amplifier
mix Cga

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

Flicker Neise 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 [/f noise in the baseband can substantially corrupt the downconverted
channcl.

MOSFETs producc littlc flicker noisc 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 makes the 1/f 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 cxplaincd above, Cpp
manitcsts iLsclf in the input impedance of the mixcer, Z,x. thereby loading the LNA.

LO Swing Passive MOS mixers require large (rail-to-rarl) 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 frequencies (up to S or 10 GHz).

In Chapter 13. we present Lhe design of a passive mixer followed by a baseband
amplificr for 1[a/y 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
cwrrent source, such mixers exhibit different properties. Figure 6.39(a) shows a conceptual
arrangement where the LNA has a rclatively high output impcdance, 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 Zgg. Voltage-driven and current-driven passive mixers
entar] a number of interesting differences.

First, the inpul impedance of the current-driven nixer in Fig. 6.39 is quite diflerent
trom that of the voltage-driven counterpart. The rcader may find this strange. Indccd, 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
mixcr, wc considcr the simplificd casc depicted in Fig. 6.39(b), where the on-resistance of
the switches is neglected. We wish to calculate Z;,(f) = Vepe(f)/Liu(f) in the vicinity of
the carrier (L®) frequency, assuming a 50% duty cycle for the L@®.

The input current is rouled 1o the upper arm for 50% of the time and flows Lthrough Zgp.
[n thc time domain [ 5],

Vi) = [i;.(6) X SCEH * A1), (6.52)
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Figure 6.39 («) Current-driven passive mixer; (b) simplified nodel for inpus impedance calculation,
(c) Spectres at input and oaput.

where S{f) dcnotcs a squarc wavce toggling between @ and [, and /(1) is the impulsc responsc
of Zgg. In the freguency domain,

Vi(fy = Ul f) * S(O - Zse(f). (6.53)

where S(f) is the specirum of a square wave. As expecled, upon convolution with the first
harmonic ot S(f}. J;,(f) is translatcd to thc bascband and is then subjccted to the trcquency
response of Zge( 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 upcomverted voltages to node A, Thus, Vi (¢)
is multiplied by S(#} as it returns to the input, and its spectrum is wanslated to RF. The
spectrum of V(r} is also upconverted and addcd to this result.

Figure 6.39(c) summarizes our findings, revealing that the downconverted spectrum
of 7;,,(f) is shaped by the frequency response of Zsy, and the result “goes back™ through
the mixer, landing around f. while retaining its spectral shape. In other words, in response
to the spectrum shown for £, (f). an RF voltage spectrum has appcarcd at the input that
is shaped by the bascband impedance. This implies that the input impedance around f,
resembles a frequency-translated version of Zgz(f). For example, if Zeg(f) is a low-pass
impedance, then Z;,(f) has a band-pass behavior [5].

The second property of curcent-driven passive mixers i$ that their noise and nonlinear-
ity contribution arc rcduccd [6]. This is bccausc, idcally, a device in scrics with a current
source does notalter the current passing through it.
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Figure 6.40 @uadratue LO waveforms with 25% duty cycle.
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Passive mixcrs nced not cmploy a 50% L@ duty cycle. In fact, hoth voltage-driven and
current-driven mixers utilizing a 25% duty cycle previde a higher gain. Figure 6.4@ shows
the quadrature L@ waveforms according to this scenario. Writing the Fourier series for L@
wavelorms having a duty cycle of d, the reader can show that the RF current entering each
switch gencrates an IF current given by [6]:

2 sinwd
Lis(8) = Y

Iri0 COSW A1, (6.54)

where ;-9 denotes the peak amplitude of the RF cuitent. As expected, d = 0.5 yields a gain
of 2/m. More importantly, for d = 0.25, the gain reaches 2x”5/n'. 3 dB higher. @[ coucse,
thc genceration of these waveforms becomes difficult at very high trequencics. [Idcally. we
would choose & = 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 L@ and L@2¢ (or by L@y and L@®27¢) 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-
mutale” (steer) the RF curremt by the L@, and convert the IF current to voltage. These
opcrations arc illustrated in Fig. 6.41. Whilc both passive and active mixcrs incoiporate
switching tor frequency translation, the latter precede and follow the switching by voltage-
to-current (V/1) and current-to-voltage (I/V) conversion. respectively. thereby achieving
gain. We can intuitively observe that the input transconductance, [x;/Vgr-, and the out-
put transresistance, Vir/Iir. can, in principle, assume arbitrarily large values, yielding an
arbitrarily high gain.

Figure 6.42 depicts a typical single-balanced realization. Here, M| converts the input
RF voltage to a current (and is hence called a “transconductor™), the differential pair Mo—M3
conmutates (steers) this current to the left and to the right, and Ry and R2 convert the output
currents 10 voltage. We call M2 and M3 the “swilching pair.” As with our passive mixer
study in Scction 6.2, we wish to quantify the gain, noisc, and nonlincarity of this circuit.
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Figure 6.41 Active mixer viewed as a V/IT converier, a current switch, and an I/V converter:

Figure 6.42 Single-balcnced active mixer

Note that the switching pair does not need rail-to-rail L@ swings. In fact, as explained later,
such swings dcgradc the lincarity.

Bouble-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
Vel and Vee denote the dillerential phases of the RF input. Each half circuit commu-
tatcs the RF current to its IF outputs. Since Vg, = —V,,. thc small-signal 1F componcnts
at X; and Y| are equal to the negative of those at X2 and Y». respectively. That is.
Vxi = =Vy) ==Vyx» = Vys, allowing us to short X; to Y2 and X7 to ¥, and arrive at the
double-balanced mixer in Fig. 6.43(b), where the load resistors are equal to Rp/2. We
oftcn draw thc circuit as shown in Fig. 6.43{(c) for thc sakc of compactncss. Transistors
M3y, M3, Ms, and Ms arc callcd the “switching quad.” Wc will study the advantages and
disadvantages of this topology in subsequent sections.

®nec advantage of double-balanced mixers over their single-balanced counterparts
stems from their rejecion of amplitude noise in the L@® wavelorm. We return to this
property in Section 6.3.2,
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Figure 6.43 (a) Two single-balanced mixers sensing diffevential RF inputs, (&) summention of out put
currents, (¢) compact drawing of circuit.

Can the Joad resistors in the circuit of Fig. 6.43(b) be equal to Rp so as to double the gain?

Solation:

No, they cannot. Since the total bias current flowing through each resistor is doubled, Rp
must be halved 10 comply with the voltage headroom,

6.3.1 Conversion Gain

In the circuit of Fig. 6.42. transistor M| produces a small-signal drain current equal to
g m| Vri-. With abrupt L@ switching, the circuitreduces to that shown in Fig. 6.44(a), where
M2 multiplies Iar by a square wave toggling between O and 1, §(r). and M3 multiplies 7ar
by S(t — TLo/2) becausc LO and LO arc complementary. It follows that

I =ipr - SO (0.55)

T
I, =1Ipr -8 (r’ — %) (6.56)
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Figure 6.44 («) Equivalent circuit of active mixer, (b) switching waveformns.
Since Vyur = Vpp — IiR — (Vpp — I2R2), we have for R) = R = Rp,
Tro
Vour () = IgrRp [S (f £ T) — S":”jl . (6.57)

From Fig. 6.44(b), we recognize that the switching operation in Eq. (6.57) is equivalent to
multiplying /a7 by a squarc wave toggling between —1 and + 1. Such a waveform cxhibits
a fundamental amplitude equal te 4/,* yielding an output given by

) 4
Vout} = Inp(ORp - —coswLol+ - (6.58)
I Trr(t) = g m1 Var cos wrrt, \hen the TF component al wpr — wro i equal to
2
Vip(t) = ;EmIRDVRF cos(wrr — wro)l. (6.59)

The voltage conversion gain is therefore equal to

T 2 .
. ZomRD. (6.60)
Vary X

What limits thc conversion gain? Wc assume a given power budget, i.c., a ccrtain
bias current. /5. and show that the gain trades with the linearity and voltage headreom.
The input transistor is sized according to the overdrive voltage, Vs = Vrgy, that yields
the required 1P3 (Chapter 5). Thus, Vpstmin = Vest — Vrai. The iransconductance of M
is limited by the current budgcet and IP3, as cxpressed by gt = 2/p1/(Vgsy — Vi) lor
Im/(Ves1 — Vrag) for velocity-saturated devices). Also. the value of Rp is limited by
the maximum allowable dc voltage across it. In other words, we must compute the mini-
mum allowable value of Vx and Vy in Fig. 6.42. As explained in Section 6.3.3, Jinearity

4. 1tis helpful to remember chal the peak amplitade of the fitst harmonic of a square wave is grearer dhan the
peak amplitude of the squace wave.
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requirements dictate that M2 and M3 not enter the triode region so long as both carty
current,

Supposc the gatc voltages of M2 and M3 in Fig. 6.42 arc held at the common-modc level
of the differential LO waveforms, V~y Le [Fig. 6.45(a)|. If M| is at the edge ot saturation,
then Vy > Vgs1 — Vg -

Vem.wo — Ves2a = Vast — Vi (6.61)

Now consider the time instant at which the gate voltages of M2 and M3 rcach Ve ro + Vg
and Veaseo — Vo, respectively, where Vg = ﬁ(V(; $23 = Vyw2)/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 voliage
must not fall below Veyro + ~v§(V(;52,3 = Vru)/2 — Ve

2
Vx.min = Vem.Lo + T{VGSZ,E — Vrm2) — Vo, (6.62)
which. from Eq. (6.61), reducces to

n .
Vimian = Visi — Vim + (J + VT) (Vesa3 — Vrwa). (6.63)

Thus, Vxmi, mustaccommodate the overdrive of M| and aboul 1.7 limes the “equilib-
rium™ averdrive ot cach ot the switching transistors. The maximum allowablc de voltage
acress each load resistor is equal to

5]
Vima = Voo — [VGS] = Vi + (l + VT) Vs -~ V‘;‘Hz'l} . (6.64)

Sincc cach rcsistor carrics half of 7y,

2VR.mdx

6.65)
Ip (

Ru.mu,\' =

Figuce 6.43 (a) Active mixer with LO ¢t CM level, (b) required swing to turn one device off.
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From (6.64) and (6.65), we obtain the maximum voltage conversion gain as

2
AV.ma.r = :gmlRD.max (6.66)

8 VR.m:u’
=__ =/ (6.67)
x Va1 — Vi

W thercfore conclude that low supply voltages scvercely limit the gain of active mixers.

Example 6.12

A single-balanced aclive mixer requires an overdrive voltage of 308 mV for the input V/I
convetrter transistor. 1f cach switching transistor has an cquilibrium averdrive of 150mV
and the peak LO swing is 300mYV. how much conversion gain can be obtained with a |-V

supply?
Solution:
From Eq. (6.64), V& ey = 444 mV and hence

Av max = 3.77 (6.68)
=~ |1.5dB. (6.69)

@®wing to the relatively low conversion gain, the noisc contributed by the load resistors and
following stages may become significant.

How much room for improvement do we have? Given by 1P3 requirements, the over-
drivc of the input transistor has 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
in 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
ransistors wider {while raising the capacilance seen at the L@ port).

The conversion gain may also fall if the L® swing is lowered. As illustrated in
Fig. 6.46, while M2 and M3 are near equilibrium, the RF current preduced by M, is

VDD
Vio /' 1\ Yo /%
’ ....... \ ....... {._| |- "\
' B 3 M., M, \
oo 'RF k! b
VFIFG_l M1

Figure 6.46 RF curren: as a CM component near LO Zero crossings.




374 Chap. 6. Mixers

split approximately equally between them, thus appearing as a conwnon-mode current and
yielding little conversion gain for that period of time. Reduction of the LO swing tends to
increase this 1ime and lower the gain {unless the LO is a square wave).

Example 6.13

Figure 6.47 shows a “dual-gate mixer.” where M| and M2 canbe viewed as one transistor
with two gates. ldentify the drawbacks of this circuit.

Voo
Rp
Vie
Vio [, M,
vnﬁ—l .“'1

Figure 6.47 Dual-gate mixer.

Solution:

For M to opcratc as a switch, its gatc voltage must fall to Vg2 above zcro (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. Fuither-
more, since the RF current of M, is now multiplied by a square wave toggling between @
and 1, the conversion gain is hall:

|
Ay = —gmiRp. (6.70)
i

Additionally, all of the [requency components produced by M| appear at the outpul without
translation bccausc they arc multiplied by the average valuc of the squarc wave, 1/2. Thus,
half of the flicker noise of M|—a high-frequency device and hence small—emerges at IF.
Also, low-frequency beat components resulting from even-order distortion (Chapter 4) in
M, directly corrupt the output, leading to a low IPs. The dual-gate mixer does not require
differenial LO wavelooms. a minor advantage. For these reasons, this lopology is rarely
used in modctn RF dcesign.

With a sinusoidal LO, the dvann currents of the swilching devices depart from square
wavcs. remaining approximatcly cqual for a fraction ot cach halt cycle, AT [Fig. 6.48(a)].
As mentioned previously, the circuit exhibits little conversion garn during these periods.
We now wish to estimate the reduction in the gain.
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Figure 6.48 («) Effect of gradual LO transitions, {b) magiified LO wave forms.

A differentral pair having an equilibrium overdnve of (Vgs — Vn;)t.q steers most of
its tail current for a differential input voltage, AV;,, of NE(VGS — Vri)eq (for square-
law devices). We assume that the drain currents are roughly equal for AV, < (Vgs =
VT;;),Q/S and calculate the corresponding value of AT, We note from Fig. 6.48(b) tha, if
cach singlc-cnded L@ wavcform has a pcak amplitudc of V70, then LO and LO reach a
diffcrence of (Vs — Vyy)eq/S in approximatcly AT /2 = (VGs — Vi)eq/S/(2Vp.L00L0)
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

A 2 R (l 280 (6.71)
AV = — Q8N D I ——— .
ﬂg J Tio
2 Vs — V)
= —gmRp {l - ( i MI] . (6.72)
T StVp.Le

Example 6.14

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

Solution:
The gain expressed by Eq. {6.68) must be multiplied by 1 — 0.0318 ~0.97:

a<11.3dB. (6.74)

Thus, the gradual LO rransit’'ons lower the gan by about 0.2dB.
The second phenomenon that degrades the gain relates to 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). Wilh abrupt LO edges, M2 is on and M3 is off, yielding a total capacitancc at
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Figuce 6.49 Loss of RF current to ground through Cp.

node P equal to

Cp=Cpp + Cis2+Cis3 + Cspz + Cspa (6.75)

Notc that Cgs3 is substantially smaller than Cgs> in this phase (why?). The RF current
produced by M, is split between Cr and the resistance seen at the source of M2, 1/gm2
(if body effect is neglected). Thus, the vollage conversion gain is reduced by a factor of
gm2/(sCr + gm2); ie., Eq. (6.72) musl be modified as

(6.76)

2AVGs — Vru }m] g2

SnV, / '

2
AV.mcu‘ = —gmlRD [l -
n

How significant is this current division? In other words, how does C,?.cu2 compare with 33:2
in thc above cxpression? Note that g,2/Cp is well below the maximum /1 ot M2 because
(a) the sum of Cpp1, Cspa, Csps, and Cgs3 is comparable with or larger than Cg o, and (b)
the low overdrive voltage of M (imposed by headroom and gain requirements) also leads
to a low f7. We therefore observe that the effect of Cp may become critical for frequencies
higher than roughly one-tenth of the maximum f7 of the transistors.

Example 6.15

If the output resistance 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 (1/8,42)||r@2 beccausc the output capacitor cstablishes an ac ground at the drain of M3 at
the input frequency.
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Example 6.15 (Continued)

Figure 6.50 Capacitors tied ro output nodes to {imit the bandwidth.

Example 6.16

Comparc the voltage conversion gains of singlc-balanced and double-balanced active
nixers.

Solution:

From Fig. 6.43(a), we recognize that (Vy; — Vy 1}/ Vg7 is equal to the vollage conversion
gain of a single-balanccd mixer. Also, Vx| = Vyz and Vy1 = Vxp if Voo = —VR’}. Thus, if
Y2 is shorted to X |, and X3 to Y, thesc nedc voltages remain unchanged. In other words,
Vx — Vy in Fig. 6.43(b) is equal to Vx1 — Vs in Fig. 6.43(a). The differential voltage
conversion gain of the double-balanced topology is therefore given by

Vx = Vy _ Vx — V|

=== i (6.77)
FR} — Var 2'«’&}

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

6.3.2 WNoise in Active Mixers

Thc analysis of noisc in active mixcrs is somcwhat dift'crent 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 in the IF range after
downconversion. Note that the frequency translation of RF noise by the switching devices
prohibits the dircct use of small-signal ac and noisc analysis in circuit simulators (as is donc
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
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Figure 6.52 (a} F{fect of noise when one transistor is off, (b) eqQuivulent circuit of (u).

representation in Fig. 6.52(a) for half of the LO cycle. Here,

Cr=Cgp + Cpsl + Csg2 + Cssy + Cis3 (6.78)

In this phase. the circuil reduces to a cascode structure, with M2 contribuli'ng some noise
bccause of the capacitance at nodc P {Chapter 5). Recall from the analysis of cascode
LNAs in Chapter 5 that. at frequencies well below f7, thc output noisc currcnt gencrated
by M is equal to V. 42Cps |Fig. 6.52(b)). This noise and the noise current of M) (which is
dominant) are multiplied by a square wave toggling between 0 and 1. Transistor M; plays
an identical role in the next hall cycle of the L@.

Now consider a more rcalistic casc where the LO transitions arc not abrupt, allowing
M> and M3 to remain on simulianeously for part of the period. As depicted in Fig. 6.33, the
circuit now resembles a differential pair near equilibrium, amplifying the noise of M» and
M 3—while the noise of M| has little etfect on the output because it behaves as a conmon-
mode disturbance,
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Figure 6.33 Effect ofnoise of M > and M3 near equilibrium,

Example 6.17

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-
[erential outpul noise current of the single-balanced topology is fﬁ.s;,,g~ then that of the

n.
noisc voltagces. bearrng in mind that the load resistors differ by a factor of two [Fig. 6.54(b)].

We have

double-balanced circuil is equal to Ig‘danb = sine (Why?). Next, we determine the output

2 e ord 2
Vn.au.r,sing = In,.&'i’ng (Rp) (6.79)
Ry Y
2 — 72
Vn.our.doub - In.donb (?) : (6.80)

But recall fromExample 6.| 6 that the voltage conversion gain of the double-balanced mixer
is hall of that of the single-balanced topology. Thus, the input-referred noise voltages of
the two circuits arc rclated by

_IV”

2 2
v min, doud’

o frsing 2

{6.81)

In this derivation, we have notincluded 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 inpul noise and consumes less power,

(Continues)
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that of M> and Mj. It is therefore necessary to simulate the noise behavior of mixers with
the L@ circuitry present.

Example 6.18

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

Example 6.17 (Continuned)

Solution:

Drawing the circuit as shown in Fig. 6.56, we note that the LO noise voltage is con-
veited to current by each switching pair and summed with opposite polarities. Thus, the
double-balanced topology is much more immune 1o LO noise—a usefu) property obtained
at the cost of the 3-dB noisc pcnalty cxpressed by Eq. (6.81) and the higher power dissi-
pation. Here, we have assumecd that the noisc components in LO and LO arc differential.
We study this point in Preblem 6.6. concluding that this assumption is reasonable for a true
differentr’al buffer but not for a quasi-differential circuit.

(b}

Figure 6.54 («) ®urput noise currents of single-balanced and double-beianced mixers, (b) corre-
sponding out putnoise voltages.

Figure 6.36 Effect of LO noise on double-balanced mixer.

It is important to make an observation regarding the mixer of Fig. 6.53. The noise
generaled by thelocal oscillator and its bufler becomes indistinguishable from the noise of
M2 and M3 when these two transistors arc areund cquilibrium. As depicted in Fig. 6.55, a

differential pair serving as the 1.O buffer may produce an output noise much higher than Quantitative Analysis Consider the single-balanced mixer depicted in Fig. 6.51. From

LO Butfer our qualitativc analysis. we identify three scctions in the circuit: the RF scction, the time-
S varying (switching) section, and the IF section. To estimate the input-referred noise voltage,
Rp Ry | é we apply the following procedure: (1) for each source of noise, determine a “conversion

X Vie v gain' 10 the IF output; (2) mul’ply the magnitude of each noise by the coctresponding gain

Al B and add up all of the resulling powecs, thus obtaining the total noise al the IF output; (3)
’_| M, M, |_| divide the output noisc by th.c ovcrall copvcrsion gain ofthc‘n.lixcr to rcferit to the input.

|—| Mg Mg b Let us begin the analysis by assuming abrupt LO transitions with a 50% duty cycle.

i L In each half cycle of the L@, the circuit resembles that in Fig. 6.57, i.e., the noise of
I.F“Fo—“jlmi (Jii) M\ (In.m1) and each of the swilching devices is multiplied by a saquare wave toggling

e
L

; between 0 and 1. We have seen in Example 6.4 that, if whitc noisc is switched on and off
with 50% duty cycle, the resulting spectrum is still white while carrying half of the power.
Figurc 6.55 Effect of LO buffer noise on single-balanced mixer: Thus, half of the noise powers (squared cuirent quantities) of M and M3 is injected into
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Figure 6.37 Noise of input device and one switching device in an active nixer.

node X, generating an oulpul neise spectral density given by (1 /2)(13‘ Ml_ + VS' w2C %wz)k?),

where Vi MzC},wz denotes the neise current injected by Mz into nede X. The total noise at
node X is therefore equal to

2 i l 2
Vix =3 (In.Ml

+ V2 11,Cho0”) Rh + TR, (6.82)
The noisc power must be doubled to account tor that at nedc Y and then divided by the
square of the conversien gain. From Eq. (6.76), the conversien gain in the presence of

a capacitance at node 2 is equal to (2/m)8w1Rpgm2/,/ C 7o + g5, for abrupt LO cdges
(i.e.. if V50 — oe). Note that the Cp’s used for the noise centribution ef M2 and gain
calculation are given by (6.75) and (6.78), respectively, and slightly different. Nonethe-
less, we assume they are approximately equal. The input-referred noise voltage is therefore
given by

UTY 5 ,
(4kTygm1 + ZC;“") R + 8TRo

2— _ Emﬂ
Vu.in - 4 7 2 3312 (683)

=8 o7 5, =

i e C[‘,O)' + 82

. .['_:'2 .5,.-__:2 3 .2
gm2 ml Em28w,) &l RD

If the effect of Cp is negligible, then

v gt s ). (6.85)
' Bl g;!lRD
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Example 6.19

Compare Eq. (6.85) with the inpul-referred noise voltage ol a common-source stage having
thc samc transcenductancc and load rcsistance.

Solution:

Forthe CS stage, we have

> 14 1
c o =4kT | — + . {6.86)
n.nCS (gml 8'2"1 Rp )
Thus, even if the second term in the parentheses is negligible. the mixer exhibits 3.92dB
higher noise power. With a finite C and L@ transition times, this difference becomes even
larger.

The terma w2kTy/ g1 in (6.83) represents the input-referred centribution of M. This
appears puzzling: why is this contribution simply not equal to the gate-refeired noise of
M\, 4kTy /8 m ? We investigate Lhis pointl in Problem 6.7.

We now consider the cf¥cct of gradual LO transinons on the neisc bchavier. Simi-
lar to the gain calculations in Section 6.3.1. we employ a piecewise-linear appreximation
(Fig. 6.58): the switching transistors are considered near equilibrium for 2AT = 2(V¢s -
Vit )oq/(SV p Lo® L) seconds per L® cycle, injecting noise to the output as a differental
pair. During this ime period. M| contributles mostly cemmen-mode noise, and the output
noisc is cqual te

Vnz.dw = 2(4”)‘8;;:2:1?% + 4TRp). (6.87)

where we assume gm2 R38,,3. Now, this noise power must be weighted by a factor of
2AT/T 1), and that in the numerator of Eq. (6.83) by a facter of 1 = 2AT /T.o. The sum of

M;and M, operaie as
a differential pair

M,operatesas | : Moperates as
acascaode @ a cascade

i

Figure 6.58 Piecewise-linear wewveforms 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 inpul-referred noise is thus given by

-

; 2AT Ciw®\ 2AT
8T (yegm2Rjy + Rp) -+ | 4Ty | g T+ —|Rp+ LTRy IR -
= Tio m?2 Tio
n.un 4 ) R2 g:,mz (I j 2AT) 2
2 Sml P2 + oo Tre

(6.88)

Equation (6.88) reveals that the equilibrium overdrive voltage of the switching devices
plays a complex role here: (I) in the first terma in the numerator, £, @« (Vgs — V'm);ql
(for a given bias current). whereas AT o (Vgs — Vrg)eg: (2) the noise power expressed by
thc sccond term in the numcrater is proportional te [ — 2A7 /T;o while the squared gain
in thc dcneminator varics in proportion te (I — 2AT /T 1 )%, suggesting that AT 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 find il unacceptably high. What can be done to
lewcr the neisc?

Solution:

The overdrive voltages and the dc drop across the load resistors offer little flexibility. We
must therefore sacrifice power for noise by a direct scaling of the design. [lustrated in
Fig. 6.59, thc idca is to scalc the transister widths and currcnts by a factor ef & and thc
load resistors by a factor of I/w«. All of the voltages thus remain unchanged, but the input-

referred noise vollage, V&m falls by a factor of +/&. Unfortunately, this scaling also
scalcs the capacitances scen at the RF and L@ ports, making the dcesign of the LNA and the

L@ buffer more difficult and/or more power-hungry.

Vpo Vop
Ro Fo fo
a o
F=VYio Vio—| = Vo
W, A aw,
alg
Varo—[,, cLWy

Figure 6.39 Effect of scaling on notse.
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Flicker Noise Unlike passive mixers, aclive topologies suffer from substanual flicker
noise at their output, a serious issue il tbe IF signal resides near zero frequency and has a
narrow bandwidth.

Considcr the circuit shown in Fig. 6.6(a). With perfect symmcetry, the 1/f noisc of fss
does not appear at the output because it is mixed with w; o (and its harmonics). Thus, only

the flicker noise of M and M3 must be considered. The noise of M>, V:fz, experiences the
gain of the differential pair as it propagates to the output. Fortunately. the large LO swing
hcavily saturatcs (descnsitizes) the diftcrential pair mest of the time, thercby lewering the
gain seen by Vf .

In order to compute the gain experienced by V,» in Fig. 6.60(a), we assume a sinu-
soidal LO but also a small switching time for M2 and M3 such that g is steered almost
instantanceusly from onc to the ether at the zcro crossings of LO and LO [Fig. 6.60(b)].
How does V,; altcr this behavier? Upon addition to thc L@ waveform, the neisc medulatcs
the zero crossings of the L@ |7]. This can be seen by computing the time at which the gate
voltages of M| and M, are equal; i.e., by equating the instantaneous gate voltages of M»
and M3:

Ver + Vppo sinwef + Ve2(t) = Vepr — Vpposinw e, (6.89)

ebtaining

2V, ;osinwrot = — V(o). (6.90)

{a) (b) )

Ipz
‘ ! ! fp2-Ip3 T
D E 't > -
t
{d)

Figure 6.68 (a) Flicker noise of switching device, (b) LO and drain current waveforms, (c) modu-
lation of zerv crossing due 1o flicker noise, (d) equivalent putsewtdth modulation.
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In the vicinity ot ¢ = 0, we have
2‘!*';;;11_{}{&;1}1'% — ¥noli). (6.91)

The crossing of L@ and L@ is displaced from its ideal point by an amount of AT
(wroAT € 1 rad) [Fig. 6.60(c)]:

EVFILQ{ULQ.&TH - Vn?{.”- (692)
Thatis,
V y2(1
|A T| = L()l (6.93)
2Vp.10w10

Nete that 2V, rowio is the slope of the differential L@® waveform,” Sp¢, and hence
|AT| = Va2(t)l/SLo.

We now assumc ncarly abrupt drain current switching for M, and M3 and consider
the above zero-crossing deviatien as pulsewidih medulation ef the cwrents [Fig. 6.60(d)].
Drawing the differential output current as in Fig. 6.60(d), we note that the modulated output
is equal 10 the ideal outpul plus a noise wavelorm consisting of a series of narrow pulses
of height 2{ss and widlh AT and occurring twice per period [7]. If each narrow pulse is
approximatcd by an impulsc, the neisc waveform in 7p; — fp3 can be cxpresscd as

TN

2ssVua(0) .. Tio

Laoult) = Z 2#6 (! - 'E-T) . (6.94)
k= —-o¢

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

]n.()uf(f) =

+ o0
4
SN Va8 = Bifio). (6.95)
TioSro =

The baseband component is obtained for k = 0 because V,2(f) has a low-pass spectrum. It
fellows that

s
In.am(f)lk= = Ter.LO Va2(f). (6.96)
and hence
IssR :
Voo flk=0= TP Vi (5). (6.97)
Ter.LO

In other words, the flicker noise of each transistor is scaled by a factor of IssR p/(n V,.L0) as
il appears al the outpul. It is thereflore desirable o minimize the bias current of the switching
devices. Note that this quantity must be multiplicd by « 2 te account for the Hicker noisc
of My as well.

5. Because the difference between Vyp and Vi must reeach zero in AT seconds.
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Example 6.21

Rcfer the noisc feund above to the input of the mixcr.

Solution:

Multiplying the noisc by ~/2 to account fer the noisc of M3 and dividing by the cenversion
gain, (2/7}8,uR p, we have

s

Vain(De=0= Va2 () (6.98)
2gm Vp.Lo
N 2(Vgs — V
_ Vv 2Vgs THN Via ). 6.99)
4V, 10

Fer example, if (Vgs — Vw)) = 250mV and V, ;0 = 300mV, then V,2(f) is reduced by
aboul a factor of 3.4 when referred w the input. Note, however, that (1) V,o(f) is typically
very large because M2 and M3 are relatively small, and (2) the noise voltage found above
must be multiplicd by +/2 to acceunt for the noisc et M3,

The above study also explains the low 1/f noise of passive mixers, Since 7ss =0 in
passivc topologics, a noisc voltage source in scrics with the gatc expericnees a high atten-
vatien as it appcars at the output. (Additionally, MOSFETs carrying negligible current
preduce negligible flicker noise.)

The reader may wonder if the above results apply to the thermal neise of M» and M3
as well. Indeed. the analysis is identical [7] and the same resulls are obtained. with Va( f)
rcplaced with 4kT'y/ gm2. The rcader can show that this method and our carlicr mcthod ef
thermal noise analysis yield reughly equal results if 7V, ;0= 5(Vgs — Vra)eg2.3.

Anether flicker noise mechanisim in active mixers arises from the finite capacitance at
node 2 in Fig. 6.60¢a) [7]. It can be shown that the differential output cucrent in this case
includcs a flicker neisc component given by (7]

Irr.cm?(f) = ZfLOCanZ(f)' (6.100)

Thus, a higher tatl capacitance or LO [requency intensilies this effect. Nonetheless, the firsl
mcchanism tends to dominate at Jow and modecratc trequencics.

6.3.3 Linearity

The linearity of aclive mixers is determined primarily by Lhe inpul transistor’s overdrive
voltage. As cxplained in Chapter 3, the 1P3 of a common-sourcc transister riscs with the
overdrive, eventually reaching a rclatively constant value.

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

[P3 x Vs — Vi (6.101)
kT 4xT

E.x'n = Y - Y (Vs = Viw). (6.102)
Em 21
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Figure 6.61 Effect of outprut wave form on current steering witen vne device enters the triode region.

We also noted in Section 6.3.1 that the headroom consumed by the input transistor.
Ves — Vrau. lowers the conversion gain |[Eq. (6.67)]. Along with the above example, these
observations point to trade-oft's among noisc, nonlineaiity, gain, and power dissipation in
active mixers.

The linearity of active mixers degrades if the switching transistors enter the triode
region. To understand this phenomenon, consider the circuit shown in Fig. 6.61, where M»
is in the triode region while M3 is still on and in saturation. Note that (1) the load resistors
and capacitors ¢stablish an output bandwidth commcnsuratc with the IF signal, and (2) the
[F signal is uncorrelated with the LO wavetorm. If both M2 and M3 operate in saturation,
then the division of 7z, between the two transistors is given by their transconductances and
is independent of their druin voltages.® On the other hand, if M2 is in the triode region. then
Ip2 is a function of the IF voltage at node X. Icading to signul-dependent current division
between M2 and M3. To avoid this nonlinearity, M» must not enter the triode region so long
as M3 is on and vice versa, Thus, the LO swings cannotbe arbiwrarily large.

Compression Lct 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 laige, the circuit begins to compress at the output rather than at the input. by
which we mean the switching devices introduce nonlinearity and hence compiession 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 ot [0dB and an input |-dB compres-
sion point of 355 mV,;,y { = =5 dBm). Is it possible that the switching devices contribute
compression?

6. We neglect channcl-length mudulation here,
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Example 6.22 (Continued)

Solution:

At an input level of —5 dBm, the mixer gain drops to Y dB. leading to an output differential
swing of 355mV,, X 2.82= | V,,,. Thus, each output node experiences a peak swing of
250mV;i.e., node X in Fig. 6.61 falls 250mV below its bias point. If the L@ drive is large
enough, the switching devices entcr the miode region and compress 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. pessibly driiving it into the triode
region. From Fig. 6.51. we can write the RF voltage swing at node Pas

Ve — gmRpVgr, (6.103)

where Rp denotes the “average resistance’ seen at the common source node of M2 and M3.’
We can approximate Rp as (1/8m2)11{1/8m3). where g,,2 and g,,3 represent the equilibrium
transconductances of M2 and M3, respectively. In a typical design, g, Rp is on the order of
unity. Thus, in thc abovc example, as the input riscs by 355mV/2 = 178 mV from its bias
value, the drain voltage of the input device talls by about |78 mV. II' Mj must not cnter thc
triode region, then the drain-source headreom allocated to M| 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. I we had. the conversion gain would have been even lower.

The P2 of active mixcrs is also of great interest. We compute the IP2 in Section 6.4.3.

Example 6.23

Design a 6-GHz active mixer in 65-nm technology with a bias current of 2mA froma 1.2-V
supply. Assume dircct downconversion with a pcak single-endcd sinusoidal LO swing of
400mV.

Solution:

The design of the mixer is constrained by the limited voltage headroom. We begin by
assigning an overdrive voltage of 300mV to the input traasisior. M1. and 150mV to the
switching devices. M2 and M3 (in equilibrium) (Fig. 6.62). From Eq. {6.64). we obtain
a maximum allowable dc drop of about 6@ mV for each load resistor. Rp. With a total
bias cwirent of 2mA. we conseivatively choose Rp = 500 §2. Note that the LO swing well
exceeds the voltage necessaiy to switch M2 and M3, forcing /2 or 7p3 to go from 2mA to
zero in about 5 ps.

(Cundanues)

7. Since Rp varies periodically. with a frequency equal v 2agg, we can express its value by i Fourjer series
and consider the first term as the average resistance.
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Example 6.23 (Continued)

Figurc 6.62 Active mixer design for the 6-GHZ band.

The overdrives chosen above lead to W) = 15 pam and W53 = 20 sem. According to
the g,.-/» charactenistic plotted in Chapter 5 for W = 10 um, g,, rcachcs approximatcly
83mS forip=2mA X (10/15) = 1.33.nA. Thus, for W, = 153umand fp = 2mA, we
have g, =8.5mS ¥ 1.5=12.75mS = (78.4 Q)" Capacitors C, and C» have a value of
2pF o suppress the LO component at the output (which would otherwise help compress
thc mixcr at the output).

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

2
T
=4.1 (=12.3dB). (6.105)

To compute the noise Jigure due (o thermal noise, we ficst estimate the input-refeired noise
voltage as

[ — 2
V2, =T | -+ (6.106)
’ Eml gmlﬁ'ﬂ
=421 %108 V?/Hy, (6.107)

where y = 1. Notc that, at a given IF # (), this noisc rcsults from both the signal band and
the image band. ultimately yielding the single-sideband noise figurc. We now write the NF
with respect to Rs =50 2 as

v,
NFssz =1 + 4k;‘1;s (6.108)
—6.1(= 7.84dB). (6.109)

The double-sideband NFis 3 dB less.
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Example 6.23 (Continued)

In the simulation of mixers, we consider nonzero baseband frequencies even for direct-
conversion receivers., Alter all, the RF signal has a Jinite bandwidth, producing nonzero
IF componcents upon downconversion. For cxample, a 20-MHz 1la channel occupics a
bandwidth of £ 10MHz in the baseband. Simulations therefore assume an LO frequency.
Jro, of, say. 6GHz, and an input frequency, fgr, 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 Fouriec Transfoom (FFT). If the bandwidth at the mixer output nodes permits,
wc may choosc 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, Vy,.p. Here,fo = 6 GHz. fir = 5.95 GHz, and V,, is increased in each sim-
ulation. The uncompressed gain is 10.3 dB, about 2dB Jess than our estimate, [alling by
1dB at Vi, = 170mV (= —5.28dBm). Notc that L@ fccdthrough and signal distortion
make it difficult to measure the amplitude of the 50-MHz IF in the time domain. For this
reason, the FETs of the input and the output are examined so as to measure the conversion
gain,

10.2
10.0
9.80

9.60

Conversion Gain (dB)

9.40

920 | | ¢ 4 o ¢ 1 4iY o
20 40 60 80 100 120 140 160 180 "’in(""'“n]

Figure 6.63 Compression characteristic of 6-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 propoitionally, and
pecform the above simula'on again. We observe that the gain drops by only 0.5dB at
Viep = 170mV. Thus, thc output port, i.c.. the switching wansistors, rcach comprcssion
first.

In order to measuce the input IP3 of the mixer, we apply to the input two sinusoidal
voltage sources in series with frequencies equal to 5.945GH~ and 5967 GH~. The peak
amplitudc of cach tonc is chosen after somc iteration: it it is too small, thc output IMj;
componcnts arc corrupted by the FFT noisc floor, and if it is too large, the circuit may
experience higher-order nonlinearity. We choose a peak amplitude of 40mV. Figure 6.64
plots the downconveited spectrum, revealing a difference of A” = 50dB between the

(Continues)
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Example 6.23 (Continued)

fundamentals and the IM3 toncs. We divide this valuc by 2 and by anothcr factor of 20,
compute 1027 /40 = 17.8. and muitiply the result by the input peak voltage, obtaining
IIP3=711mV, (= 47 dBm in a 50-Q2 system). The IIP; is 12.3dB higher than the input
Pz in this design—perhaps because when the mixer approaches Py, its nonlinearity has

highcr-order terms.

Magnitude (d8)

20 40 60 80
Baseband Frequency (MHz)

Figure 6.64 Twe-fenc tcst of 6-Gliz mixer.

100

Figure 6.63 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 t0 5.5 dB, about
0.7dB higher than our prediction,
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Figure 6.63 Noise figure of 6-CHz mixer.
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6.4 IMPROVED MIXER TOPOLOGIES

The mixer performance envelope defined by noise, nonlinearity, gain, power dissipation,
and voltage beadroom must often be pushed beyond the typical scenarios studied thus far
in this chapter. For this rcason, a mult'tude of circuit tcchniques 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 difficulty in the design of active mixers stems ftom the con(liding require-
mcnts between the input transistor current (which must be bigh cnough to mect noisc and
linearity specifications) and the load resistor current (which must be low enough to allow
large resistors and hence a high gain). We therefore suimise that adding current sources
(“helpers™) in paralle] with the Joad resistors (Fig. 6.66) alleviates this conllict by affording
larger resistor values. If Ip; = 2{p and each current source carries a fraction, ofg. then Ry
can be as large as Vy/[(1 — a)ig]. where Vy is the maximum allowable drop across Rp [as
formulated by Eq. (6.64)). Consequently. the voltage conversion gain rises as o increases.
For example, if « = 0.5, then Rp can be doubled and so can the gain. A higher Rp also
reduces ils inpul-referred noise contribution [Eq. (6.85)].

But how about thc noisc contributcd by M4 and Ms? Assuming that these devices are
hiascd at the cdge of saturation, i.c., [Vgs — Vyyrla.s = Vo, we write the noisc current of
each as 4kTy g, = 4kTy(2aly)/Vy, multiply it by Rz to obtain the (squared) noise voltage
at each output node,* and sum the result with the noise of Rp isself:

2 (6.110)

nx

2ol -
V2 = 4kTy V—ORz, + 4kT Rp.
0

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

Figure 6.66 Addition of load current sources 1o relax headroom constraints.

8. The output tesistance of M4 and M5 can be absorbed v Ry for this cilculation.
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the other factors in Eq. (6.83)]. We lbus write Voo
Ap fip M,
2
2ely | 4kT X V Y v
il =4kTyv—0 + 6.111) 5 A%
2 . .
D ! = Vioed[o M, M3 VYo
0
=4kT—Quy +1 - @ 6.112 P
v : o112 § - @)o;
_4k7'70[(2y Da +11. (6.113) VRF°—||:_|-M1 %cp. /o1
Interestingly, the total noise due to each current-source helper and its corresponding load ) T
resistor vises with «, beginning from 447/y/V( for @ = 0 and reaching (4kT1,/Vy)(2y) for Figure 6.67 Addition of curvent source 1o tail of swilching peir.

w=1.

Example 6.24 Figs. 6.48(a) and 6.58 and Jessening the gain and noise effects formulated by Egs. (6.72)

. I . and (6.88). Finally, the output flicker noise falls (Problem 6.10).
Study the llicker noise contribution of M4 and M5 in Fig. 6.66. The above approach nonetheless laces Lwo issues. First, transistor My contributes

additional capacitance to node P, cxaccrbating the difficultics mentioned carlicr. As a

=TI - ; ; o - smaller bias current is allocated to M2 and M3, raising the impedance seen al their source
Modeled by a gate-referred vollage, V, ;> the ficker noise of each device is mulliplied by [ 2 1/(2g.)], Cp “steals” a greater fracion of the RF cuirent generated by M|, reducing
gIZMIjRZD as it appears al the outpul. As with the above derivation, we normalize this result the gain. Second, the noise current of M4 direclly adds to the RF signal. We can readily
toR3: express Lhe noise currents of M| and My as
2 2
Tex vz (ﬂ) : (6.114) =
Ry ' Ve gy 12 = T ygna + 4Ty gma (6.115)

Since the voltage beadroom, Vg, is typically limited to a few hundred millivolts, the helper 21p, N Qelp) ] (6.116)

transistors tend to contribute substanial 1/f noise to the oulpul, a serious issue in direcl- =4kTy [ Vas = Vi Vas = Vin
CONVCTSION receivers.

The addition of the belpers in Fig. 6.66 also dcgrades the lincanty. In the calculations
leading to Eq. (6.113), we assumed that the helpers operale at the edge of saturation so as Example 6.25

W minmimize their transconductance and hence their noise current. but this bias condion A studcnt cager to minimize the noisc of M 4 in the above equation sclects [Vgs — Vrurl2 =
readily drives them into the triode region in the presence of signals. The circuit is therefore 0.75 V with Vpp = [ V. Explain the difficulty here.
likely to compress al the oulpult rather than al Lthe inpul.
Solution:
6.4.2 Active Mixers with Enhanced Transconductance The bias currcnt of M4 must be carcfully detined so as 1o track that of M. Poor match-

ing may “starve” M2 and M-, i.e.. reduce their bias currents considerably, creating a high
impedance at node P and forcing the RF current to ground through C . Now, consider the
simple current micror shown in Fig. 6.68. If |Vgs — Vixle = 0.75 V, then |V ;54| may exceed
Vpp. Jcaving no headroom for fpzF. In other words, [Vgs — Vr1url4 must be choscn Jess than
Vinp — [Vgsal — Viarr, where Viger denotes the minimum acceptable voltage across Iper.

Following the forcgoing thought process, we caninscrithe current-source helper in the RF
path rather than in the IF path. Depicted in Fig. 6.67 [8], the idea is to provide most of the
bias current of M| by M4, thereby reducing the current flowing through the Joad resistors
(and the switching transistors). For example, if /p4) = 0.751p), then Rp and hence the
garn can be quadrupled. Moreover. lhe reduction of the bias current switched by M2 and

. o . . ]
M3 translalcs to a lower overdrive voltage and morc abruplt switching, decrcasing AT in (o)
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Example 6.25 (Continued)

Figure 6.68 Currens mirior voltage limitations.

In order to suppress the capacitance and noise contiibution of M4 in Fig. 6.68, an
inductor can be placed in series with its drain. llustrated in Fig. 6.69(a) [9], such an
arrangement not only enhanccs the input transconductancc but allows the inductor to res-
onate with Cp. Additionally, capacitor C)| acts as a short at RF, shunting thc noise current
of M4 to ground. As a result, most of the RFE current produced by M, is commutated by M-,
and M3, and the noisc injected by M2 and M3 is also reduced (because they switch more
abruplly).

In the circuit of Fig. 6.69(a). the inductor parasitics must be managed carcfully. First,
L) contributes some capacitance to node P, equivalently raising Cp. Second, the loss of
L, translates to a parallc] resistance. “wasting” the RF cuitent and adding noise. Depicted
in Fig. 6.69(b). this resistance, R, must remain much greater than 1/(2g,7.3) so as to

Voo
Ro M,
Y ji_‘ Vn
—_— v, V
"3 l_' FLG LJO'__I M "3 l_. LO
Ly 1 _J E Ly
t—r——w 20 0
el S T
=C =C v
Varr oM, T © I : Var—| r- Ry
! H T M, A,
(a) {b)

Figurc 6.69 (¢} Use of inductive resonuance at tail with hel per curvent source, (b) equivalent circuit
of inductor.
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negligibly shunt the RF current. Also, its noisc current must be much less than that of M.
Thus. the choice of the inductor is governed by the following conditions:

1
Ll CPJU] = (6'17)
Wiy
1
R = QLywgy > —— (6.118)
8m?.
WY o S et (6.119)
= F l. .
Ry  OLwgr Ay '

where Cp 4, inctudes the capacitance of L.

The circuits of Fige. 6.67 and 6.69 sufier from a drawback in deep-submicron tech-
nologies: since My is typically a small transistor, it poorly malches the current mirror
arrangement that tceds 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 tor the input transistor and the switching pair [10). Hcre, C; acts as a short
circuit at RF and L resonates with the parasitics at nodes £ and N. Furthcrimorec. the voltage
hcadroom availablc to M) is no Jonger constrained by (Vs — Vyy4)2,3 and the drop across
the load resistors. In a typical design, /7 /e may fall in the range of 3 to 5 for optimum
pertormance. Note that if Jo is excessively low, the switching pair does not absorb all of
the RF current, Another important altribute is that, as formulaied by Eq. (6.97), a smaller
1o lcads to lower tlicker noisc at the output.

Figure 6.70 Aciive mixer using capacitive coupling with resoncnce.

6.4.3 Active Mixers with High IP;

As explained in Chapter 4, the second intercept point becomes critical in direct-conversion
and low-IF receivers as it signifies the corruption introduced by the beating of two
interferers or envelope demodulation of one interferer. We also notcd that capacitive
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coupling between the LNA and thc mixcr removes the low-trequency beat, making
the mixer the bottleneck. Thus, a great dcal of effort has been expended on high-1P>
mixers,

Itis instructive to corapute the IP» of a single-balanced mixer in the presence of asyro-
mctrics. (Recall from Chapter 4 that a symimctric mixcr has an inf.nitc 1P2.) Let us begin
with the circuit of Fig. 6.71(a). where Vgs denotces the oftsct voltage associated with M
and M 3. We wish to compute the fraction of /g5 that flows to the output without frequency
translation. As with the flicker noise calculations in Section 6.3.2, we assume L® and L@
exhibit a linite slope but M2 and M3 switch instantaneously. i.e., they switch the sl curcent
according to thc signot V4 — Vg

As shown in Fig. 6.71(b), the vertical shift of V¢ displaces the consecutive crossings
of L® and L® by AT, where AT = V5/Sro and Sro denotes the differential slope of
the L@® ( =2V, Lowro). This forces M2 to remain on for 7.0/2 + 2AT seconds and M3
for T1po/2 — 2AT seconds, It Tollows from Fig. 6.71(¢) that the differentral outpul cur-
rcnt, Ipz — Ip3 contains a dc component cqual to (4AT /Ty oM ss = Veslss/(tV .1 0), and
the differential output voltage a dc component equal to VeslssRp/(mV ,1.0). As expected,
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Output Curvent 0 oAt
2
g e
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- 24T
(c) (d)

Figure 6.71 (a) Active mixer with offset voltage, (b) effect of off set on 1@ weae forms, (¢} duty cyole
distortion of drain currents, (d) circuit for By compuration .
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this rcsult agrees with Eq. (6.97) becausc the offsct can be considered a very slow noisc
component.

An interesting observati'on offered by the output 1/f noise and offset equations is as
follows. If the bias cuitent 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 bul the
output 1/f noisc and oftsct fall. For cxamplc, the current helpers described in the previous
section prove useful herc.

We now replace /55 with a transconductor device as depicted in Fig. 6.71(d) and assume

Vrr = Vi cos wgt + V, cos wat + Vigso, (6.120)

where Vs is the bias gatc-sourcc voltage of M. With a squarc-law dcvice, the 1M
product emerges in the current of M| as

| W,
Ingz = ;;LECM-IV’;! Ccos(a) — an )l (6.121)

s

Multiplying this quantity by VosRp/(:tV ;.1 @) yiclds the dircct fecdthreugh to the output:

1 W VosRp
Vima.ow = I:E#ncuxfl"fg cos() — WE}!'] e J'O. (6.122)
L

To calculatc the 1P, the valuc of V,,, must be raised until the amplitudc of V2.4, beccomces
equal to the amplitude of the main downaconverted components. This amplitude is simply
given by (2/11}g8mR bV m. Thus,

1 W_ o VosRp 2
E#;:Cmr ”pzm = ;§m1RnVHpg. (6.123)

Writing gy as pCox{W /LY VGs — V1)), we finally obtain

Vp,r.O
Vitpy = 4(Ves — V)i " (6.124)
Ves

For example, if (Vs — Vi) =250mV, V, 10 =300mV, and Vgs= 10mV, then
Vips =30 Vp (=39.5dBmo in a 50-2 system). @ther IP» mechanisms are described
in|l12].

The forcgoing analysis also applies to asymmetries in the LO waveforms that would
arise from mismatches within the L® circuitry and its buffer. If the duty cycle is denoled
by Teo/2 - AT)/Tro (e.g., 48%), then the dc component in Ip) — Ip2 is equal to
(2AT [T o) 55, yielding an average of (2AT /T oM ssRp al the outpul. We therefore replace
Iss with thc IM; componcent given by Eq. (6.121), arriving at

1 W, 2AT
Vﬂlrfldm = [;f-"—-ncuxTV; cos(w; — {L}Z}T] ERD (6125)
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Figure 6.72 Input o fset in a double-balcinced mixcr

Equating thc amplitudc of this componcnt to (2/m)gmRpV,, and substituting
UnCoxW/LXV s — Vg for 8., we have

2110

-V . 12
HAT(VGS TH I (6.126)

Vi =

For cxamplc, a duty cycle of 48% along with (Vs — Vry) =250mV gives risc to
Vi =7.96 Vp (=28 dBmin a 50-92 system).

In order to raise the IP», the input transconductor of an active mixer can be realized
in differentia) form, leading to a double-balanced lopology. Shown in Fig. 6.72. such a
circuit produccs a tnitc IM; product only as a rcsult of mivinatches between M| and M;.
We quantify this effect in the following example. Note that, unlike the previous double-
balanced mixers, this circuit employs a tail cuirent source.

Example 6.26

Assuming square-law devices. determine the IM» product generated by M| and M- in
Fig. 6.72 if the two transistors suffer from an offset voltage of Vs .

Solution:

For an RF differential voltage, AV, the differential output current can be expressed as

4iss

——— = AV, — 2 6.127
anCnx(W/L) (AVin Vosi) ( )

1 w
Ipy — Ip2 = EﬂnCmE(ﬂVm £ VGSU\/

Assuming that the second term under the square rool is much less than the first. we write

Vi—exl—e/2:

W Cox(W/L)
Ipi — Ip2 = 1/,-.:,,::&,.-3153 [avm — Vosi — %mvm - V031}3:|~ (6.128)
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Example 6.26 (Continued)

The cubic term in the square brackels produces an IM»> component if AV = Vipcosw i +
Vim cosw?! becausc the term 3A Vz-, Veg lcads to the cross product of the two sinusoids:

3 pwnCon(WILP2
Viapr = Lt EJ:’IEK ) Vi Vosi cos(wy — waht (6.129)
I |
s V2 Vosi cos(w) — wpt, (6.130)

~ 8(Vgs — V)i,

whete (Vs = Viyy)ey represents the equilibrium overdrive of each transistor. @f course,
only a small fraction of this component appeacs at the output of the mixer. For example. if
only the offsct ofthe switching quad. Vgs3, is considcred.? then the IM2 amplitude must be
multiplied by Ves2Rp/(mV ;. 1.0), yielding an 1IP2 of

16(Vas — VindeyVp.ro

(6.131)
IVasi1Vosz2

Vi =

Forexample, if (V;s— Vitthey = 250mV, Vo = 300 mV, and Veg = Vasa = 10mV, then
Virr =1000V;, (= + 70 dBm in a 50-§2 system).

While improving the 1P> signilicantly, the use of a dif ferential pair in Fig. 6.72 degrades
thc IP3. As formulated in Chapter 5. a quasi-diffcrential pair (with the sources held at
ac ground) exhibits a higher [P3. We now repeat the calculations leading to Eq. (6.131)
for such a mixer (Fig. 6.73), noting that the input pair now has poor common-mode

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

9. ln this case. Voso represents the difference between the offsets of M3-A7} and Ms-M.
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rejection. Let us apply VR‘} = Vm ¢0Oscoyt + Vi coswat + Vgsg and Ve = — Ve Coswt —
V mcoswrt + Vg, obtaining

| W )
Ini = —finCax (—) (Vincos wt + Vi cos wat + Vosi + Vigso — Viw)® (6.132)
I

2 L
| W ;
Ips = EM,,CM o (Vi cos wnt + Vi, coswat + Vasn — Vrg)©. (6.133)

While independent of Vs, the low-frequency beat in 7p) is multiplicd by a factor of
Vos2:Ro/(V .10} and thatin 112 by VgssRo/(wV,.1.0}). Here, Vgs2 and Vosz denote the
offsets of M3—M4 and Ms-Ms, respectively. The output thus exhibits an IM2 component
given by

I W,
Vivzow = | snCox—Vy, cos{w| — w2 M

5 7 (Ves2 + Vosz). (6.134)

T¥pLO®
Noting that the output amplitude of each fundwunental is equal to (2/7)2V;8m R o and that
Em = aCox(W/L)(Visse — Vrw). we have

8(Veso — Vrird
Viip2 = Vy.1.0- (6.139)
Vos2 + Voss

For example, if Vgs — Vry =250mV, V1.0 = 300mV, and Vgs2 = Vosz = + 10mV, then
Vira =30V, (= + 39.5dBmina 50-§2 system). Comparison of the 1IP2's obtawned for the
differential and quasi-differential mixers indicates that the lawter is much inferor. revealing
a tradc-off between IP2 and 1P3.

We have thus far considered onc mechanism Icading to a {.nitc 1P7: the passagce of the
{ow- frequency beat threugh the mixer’s switching devices. 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 il (a) the switching devices (or the LO waveforms) exhibit
asymmelry and (b) a finite capacitance appears at the common source node of the switch-
ing devices [11, 12]. In this casc, two interterers, V,, cos w((+ V,cos4221, arriving at the
common source node experience nonlinearity and mixing with the LO barmionics, thereby
generating a component at w; — w2 after downconversion. The details of this mechanism
are described in (11, 12].

While conceived for noisc and gain optimization rcasons, thc mixer topology in
Fig. 6.70 also exhibits a high 1P-. The high-pass filter consisting of L|. C1, and the resis-
tance seen at node P suppresses low-trequency beats generated by the even-order distortion
in M). From the equivalent circuit shown in Fig. 6.74, we have

I Lys
e I' 1 (6.136)
bl"{” le+ +
C|.§' Egm
LiCys*
= ' lés . (6.137)
EiEt e ]
Egm
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Figurc 6.74 Effect of low-frequency beat in a mixer using capacitive coupling and resonance.

At low frequencies, this result can be approximated as

I

L Cy5°, (6.138)
h}cuf

revealing a high attenuation.

Another approach to rassing the 1P, is to degenerate the transconductor capacitivel y.
As illustrated in Fig. 6.75 [10], the dcgencration capacitor, Cy, 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 = —2— (6.139)
1+ 22
C([S
C
g ¥ (6.140)
Car.i' =+ ml

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

Figure 6.75 Effect of capacitive degeneration on 1.
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Example 6.27

The mixer of Fig. 6.75 is designed tor a 900-MHz GSM system. What is thc worst-casc
attenuation that capacitive degeneration provides for 1Mz products that would otherwise be
generated by M |? 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 [east attenuation, thereby creating the largest IM» product. As
depicted in Fig. 6.76(a). this situalion arises if the two interferers remain within the GSM
band (so that they arc not attcnuated by the trent-cnd flter) but as tar from cach other as
possible, i.e.. at a frequency difference of 25 MHz. Let us assume that the pole frequency,
£:2/Cy, is around 900 MHz. The IM2 product therefore falls at 25 MHz and. therefore,
experiences an attenuation of roughly 900 MHz/25 MHz = 36 (=~ 31dB) by capacitive
degeneration. However. in a Jow-IF receiver, the downconverted 200-kHz. GSM channel is
located near zero Ircquency. Thus, this casc proves irrclevant.

f2 25 MHz 2 25 MHz
gl g
| | Desired '
! I 1 Channel st | & |
A - i . % i | .
0 25 MHz - f 0 25 MHz - -
GSM RX band 200kHz
(a) ih)

Figure 6.76 Beat gcneration from (@) two blockers near the cdges of GSM band. (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 inteiferers
near the edge of the GSM band. Located at a center [requency of 200 kHv, the beal experi-
cncces an attcnuation of roughly 935 MHz/200 kHz = 4, 675 ~ 73dB. It follows that very
high IP2’s can be obtained for low-1F 900-MHz GSM receivers.

As menuoned earlier. even with capacitive coupling between the transconductor stage
and thc switching devices, the capacitance at the common source node of the switching
pair ultimatcly limits the 1P; (if the offsct of the switching pair is considered). We therefore
expect a higher IP; if an inductor resonates with this capacitance. Figure 6.77 shows a
double-balanced mixer employing both capaciti've degeneration and resonance to achieve
anlP2 of + 78dBm [11].
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Figure 6.77 Use of inductor at sources of switching quad to raise [P,

6.4.4 Active Mixers with Low Flicker Noise

Our study of noise in Section 6.3.2 revealed that the downconverted flicker noise of the
swilching devices is proportional w their bias current and the parasitic capacitance al their
common source node. Since these trends also hold for the 1P of active mixcers, we postulate
that the techniques described in Section 6.4.3 for rasing the IP; lower flicker noise as
well. In particular, the circuit topologies in Figs. 6.6® and 6.74 both allow a lower bias
current for the switching pairand cancel the il capacitance by the inductor, This approach,
howcever, demand.s two inductors (onc for cach quadrature mixer), complicating the layout
and routing.

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

Figure 6.78 depicts our first attempt in realizing this concept. Since large LO swings
produce a reasonable vollage swing at node Pat 2w, o, the diode-connected Lransistor turns
on when LO and LO cross and Vp talls. As LO or LO riscs, so docs Vp, tuening Mz off,
Thus, My can provide most of the bias current of M| near the crossing points of LO and
LO while injecting minimal noise for the rest of the period.

Figure 6.78 Use of a diode-connected device to reduce switching pair current.
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Unfortunately, the diode-connected transistor in Fig. 6.78 does not turn off abiuptly as
LO and 7.@ depart from their crossing point. Consequently, My conlinues to present a low
impcdance at nodc P, shunting the RF current to ac ground. This issuc 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 [13], My, and Mg~ turn on and off simultaneously
because Vp and Vi vary identically—as if My, and My»> were diode-connected devices.
Thus. these two Llransistors provide mosl of the bias currents of M and M4 at the crossing
points of LO and LO. On thc other hand. as far as the differential RF current of M| and
M 4 is concerned, the cross-coupled pair acts as a negative resistance (Chapter 8). partially
cancelling the positive resistance presented by the switching pairs at £ and @. Thus, M 4,
and My2 do not shunt the RF current.

Figure 6.79 Use of cross-coupled pair o veduce curvent of switching quad.

The circuit of Fig. 6.79 nonelheless requires large LO swings to ensure thal Vp and
Ve rise rapidly and sufficiently so as to turn of [ Mg and My Otherwise, these two
devices continuce to injeet difterential noisc for part of the period. Another drawback of this
technique is that it does not lend itself to single-balanced mixers.

Example 6.28

The positive fecdback around Mgy and My in Fig. 6.79 may causc latchup, i.c., a slight
imbalance between the two sides may pull 2 (or Q) toward V pp, turning Mgy, (or M ) off.
Derive the condition necessaiy to avoid latchup.

Solution:

The impedance presented by the switching parrs at # and @ is at is highest value when
either transistor in each differential pair is ofl (why?). Shown in Fig. 6.80 is the resulu'ng
worst casc. For a symmcewic circuit, the loop gain is cqual to (g,,,n/g,,,g,s)z, where gy

10. Nolc that Mysy and My do not belp the switching of the dif fereniial pairs bocausc the 2e; @ wavcforms at
P and Q are identical (ratber than differential).
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Example 6.28 (Continued)

represents the transconductance of My and My2. To avoid latchup, we must ensure that

2
(3“"") <. (6.141)
L2

1
9 2 9 s

Figure 6.80 Fquivulent circuit for fatchup calculation.

The notion of reducing the current through the switching devices at the crossing points
of LO and LO can allernatively be realized by Lurning off the transconductor momentarily
[14]. Consider the circuit shown in Fig. 6.81(a), where switch Sj is driven by a wavetorm
having a frequency of 2f74 but a duty cycle of, say, 880%. As depicted in Fig. 6.81(b), S,

-
1
2f g
-
i
Vio
LO — Sl
i
™ _
1
2 -
f

{a) {b)

Figure 6.81 (a) Use of a switch to turi off the switching pair near LO zZerv 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 L@ are chosen to fall at the times when 7p is zero, then the flicker noise of M» and
M3 is beavily attenuated. Moreover. M2 and M3 inject no thermal noise to the output near
the cquilibrium. The concept can be extended to quadrature double-balanced mixees [14].
In Problem 6.12, we decide whether this circuit can also be viewed as a differential pair
whose current is modulated (chopped) at arate of 2f; .

The above approach entails a number of issues. First. the turn-off time of the transcon-
ductor must be sulficiently long and properly phased with respect 1o LO and LO so hat
it encloses the LO transitions. Sccond, at high frequencics it becomes difticult to generate
2f10 with such narrew pulses; the conversion gain thus suffers because the transconductor
remains off for a greater portion of the period. Third, switch § in Fig. 6.81 does consume
some vollage headroomif its capacilances must be negligible.

6.5 UPCONVERSION MIXERS

The transmitter architectures studied in Chapter 4 employ upconversion mixers to translate
the baseband spectrum to the carrer 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-
ified power W the antenna while salis[ying certaun linearily requirements (in terms of the
adjacent-channcl power or 1-dB compression point). The PA therefore presents a certain
input capacitance and, owing to its modcerate gain, demands a certain input swing. Thus,
the upconversion mixers must (1) translate the baseband spectrum to a Aigh output fre-
quency (unlike downconversion mixers) while providing sufficient gain, (2) drive the input
capacitance of the PA. (3) deliver lbe necessary swing lo the PA inpul. and (4) nos limit the
lincarity of thc TX. In addition. as studicd in Chapter 4. dc offscts in upconversion mixcrs
translate to cairier feedthreugh and must be minimized.

o—=| DAC

bi PA
o @+[> jy

o—=| DAC [—=

Figurc 6.82 Generic transmitter.
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Example 6.29

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

Solution:

The buffer relaxes the drive and perbaps 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 mixers 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 lypicaly single-ended, the designer must decide at what point and how the diflerentr’al
output of thc mixces must be converted to a single-cnded signal. As cxplained in Chapter S,
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 tue even in GSM,
wherein the amplilied noise of the upconversion mixers in the receive band must meel
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 mixers t avoid a notch in the signal spectrum.’’ As scen 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 downconversion mixers has revealed that single-balanced sampling
topologics pravidc a conversion gain that is about 5.5dB higher than their rcturn-to-zero
counterparts. Is this true for upconversion. too? Consider a low-frequency baseband sinu-
soid applied to a sunpling mixer (Fig. 6.83). The output appears to contain mostly the
input waveform and /ittle bigh-frequency energy. To quantify our intuiti'on, we return to the
consti'tuent waveforms, y1(¢) and y2(¢), given by Egs. (6.12) and (6.16), respectively, and
rcexanine them for upconversion, assuming that x(¢) is a bascband signal. The component
of interest in ¥) (f) still occurs at k = + 1 and is given by

Vi(fdk=n1 = (6.142)

X(f —fio)  X(f+fio)
- e

LL In reality, each DAC is followed by a low-pass filter to suppress the PAC’s high-frequency output
conponents.
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t
Figurc 6.83 Sampling mixer for upconversion.

For ¥2(f), we must alsosct & to +1:

(N Mk=x1= TLI—X(I —J10) + X{([ + f10)] Lﬁ(l - e*fw'”-(’/%]. (6.143)
1.0

However, the term in the second set of brackets must be evaluated at the upcon-
verted [requency. Il w = wio + wpp. where wpp denoles the baseband frequency, then
cxp(—jwTo/2) = cxp(—jir) cxp(—jwgsT 10/2), which, for wpp K 2f1 0, reduces to— (1—
JwrrTio/2). Similarly. ifw = — w 10— wgg. then exp(—jwT1o/2) =~ — (1 + jwraTio/2).
Adding Y(f) and Y2(f) gives

. ? | l , | 1 _
|Y|{f]+?2(_f]|k—t]ﬁ$|:(i—+—)XU = fro) + (‘“}.;ﬂ‘;)xif’*’fw)],

wra + W T 2

(6.144)
indicating that the upconverted output amplitude is proportional to wgg/(wro + wpg) =
wpp/wro. Thus, such amixcr is not suvited to upconveesion.

In Problem 6.14, we study a return-to-zero mixer for upconversion and show that
its conversion gain is still equal to 2/xr (for a single-balanced topology). Similarly,
from Example 6.8, a double-balanced passive mixer exhibits a gain of 2/sr. Depicted in
Fig. 6.84(a), such a topology is more relevant to TX design than single-balanced structures
bcecausc the bascband wavetorms arc typically available in ditfcrential 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 al nodes X and ¥ must accommodate the upconverted signal
frequency so as to avoid additional loss. This bandwidth is dctermined by the on-resistance
of the switches (R,,,). their capacitance contributions to thc output nodcs, and the input
capacitance ot the next stage (C;,). Wider switches increase the bandwidth up to the point
where their capacitances overwhelm Ci,, but they also present a greater capacitance at the
LO ports.

It is possiblc to null thc capacitancc at nodcs X and ¥ by mcans of rcsonsnce. As
illustrated in Fig. 6.84(b) [13]. inductor L rcsonatcs with the total capacitancc at X and Y,
and its value is chosen to yield

[ .
Wig= ; (6.145)

L
[ —1Cyy +Cipn)

¥
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LO Cin

(@ (b}

Figure 6.84 (a) Double-balcuced upcomversion passive mixer;, (b) use of resonance o increase
bandwidih.

where Cy.y denoles the capacitances contributed by the switches at X or Y. Al resonance,
thc mixcrs arc loaded by the parallcl cquivalent resistance of the inductor, Ry = QL1w;r-
Thus, we require that 2R, < Ry 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 tivo mixcrs must bc summed. Unfortunatcly, passive mixcrs scnsc 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 6.83(a) depicts such
an arrangement. Here, the quasi-differential pairs M\—M» and M3—M4 perform V/I conver-
sion, and the load resistors. I/V conversion. This circuit can provide gain while lending
itsclf to low supply voltages. The groundced sources of M(—M4 also yicld a rclatively high
linearity."

A drawback of the above topology is thatits 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), 7y
depends on Vg and varies significantly with process and temperature. For this reason, we

___Mix_gr_ TORAE
. Lo i
o LOg Ven! L |
i 1 i DAC ::I' B
o— ) . —o : 5 " Gst
V. Passive Passive | ' b N
BB | Mixer Mixer 8.0 i '
e Y . | imecsoecsme
(a) (b)

Figure 6.85 (a) Summation of quadrature outputs, (b} bias definition issue.

12. The ac ground at the source nodes reduces thitd order nonjinearity (Chapter 5).
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VeB.o

Figure 6.86 Addition of tall current to de fine bias of upconversion V/ converters.

employ ac coupling between the mixer and the V/I converter and define the latter’s bias by
a curcent mircor. Altecnatively, we can cesorl to true differential paics, with their common-
sourcc nodcs at ac ground (Fig. 6.86). Dcfincd by the tail currents, the bias conditions now
remain relatively independent of the input CM level, but each tail current source consumes

voltage headroem.

Example 6.30

The tradc-of f between the voltage drop acress Rp inFig. 6.85(a) and the voltage gain proves
undesirable. especially because M -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 trequency of the upconverter is typically in the gigahertz rangc,
the resistors can be replaced with inductors. Nlustrated in Fig. 6.87, such a technique con-
sumes little headroom (because the dc drop across the inductor is simall) and nulls the total

capacitance at the outpul by means of resonance,

Passive
Mixer

i Lo
Ves: L '
pac |—— m!'—'l5 AL M, v, ]JH- ¢

Figure 6.87 Usc of inductive loads to relax upconversion mixer headroom constiaints.
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The third issue concerns the available overdrive voltage of the mixer switches, a par-
ticularly serious problem in Fig. 6.83(b). We note that Ms can be ac coupled to M. bul
still requiring a gatc voltage of Vyys + Vs + Vag to turn on. Thus, if the pcak LO levcel
is equal to Vpp. the switch experiences an overdrive of only Vpp — (Vs + Vag), thereby
suffering from a tight trade-off between i on-resistance and capacitance. A small over-
drive also degrades the linearity of the swilch. For example, if Vpp =1V, Vygs =03V,
and Vgg = 0.5 V. then the overdrive is equal to 0.2 V. It is important 1o cecognize thal
the usc of inductors in Fig. 6.87 rclaxcs the headroom consumption from Vpyp through Rp
and M, but the headreom limitation in the path consisting of Vpp, Vgss, and Vgg still
Persists.

The foregoing dif ficulty can be alleviated if the peak LO level can exceed Vpp. This is
accomplished if the L O buficr contains a Joad inductor ticd to Vpyp) (Fig. 6.88).

Now. the dc level of the LO is approximately equal to Vpp, with the pcak rcaching
Vi + V. Forexample, if Vpp =TV, Vrgs = 0.3 V. Vgg = 0.5 V, and Vy = 0.5 V. then the
overdrive of M5 is raised to 0.7 V.

Passive
Mixer Summer

Figure 6.88 Mixer headwom considerations.

The above-Vp;) 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 V, and a
CM Jevel of Vgg, then the gate-source voltage of Ms reaches a maximum of Vpp + Vg —
(Vag — V). possibly excceding the valuc allowed by the technology. In the above numcrical
example, since the overdrive of Ms approaches 0.7 V, Vgss = 0.7V + Vs = 1 Vin the
absence of the baseband signal. Thus, if the maximum allowable Vs is 1.2 V, the baseband
peak swing is limited t0 0.2 V. As explained in Chapter 4, small baseband swings exacerbate
the problem of carrier feedthrough in transmitters,

It is important to note that, by now, we have added quite a few inductors to the circuit:
onc in Fig. 6.84(b) to improvc the bandwidth, onc in Fig. 6.87 to savc voltage hcadroom,
and another in Fig. 6.88 to raise the overdrive of the switches. A quadrature upconverter
therefore requires a large number of inductors. The L@ buffer in Fig. 6.88 can be omitted
if the LO signal is capacitively coupled to the gate of M5 and biased at V pp.

Carrierr Feedthreugh 1L is instructive 1o study the sources of carcier feedthrough in
a transmittcr using passive mixces. Consider the bascband interfacc shown in Fig. 6.89,
where the DAC oulput contains a pcak signal swing of V, and an offset voltage of Vos pac.
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LO

DAC

LO

Figure 6.89 Effect of bascband o fset in upconversion mixing.

An ideal double-balanced passive mixer upconverts beth the signal and the offset, pro-
ducing at its output the RF (or IF) signal and a carner (L@®) component. If modeled as a
mulu'plier. the mixer generales an output given by

Vo) = (V4 cos wgpt + Vosnac) Cos wrol, (6.146)

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

aV, aV,
Vour() = — cos(wre + wpp) + 5 costwie — wpp) + aVos.pac coswrel. (6.147)

Since a/2 =2/ for a doublc-balanced mixer, we note that the carricr feedthrough has
a peak amplitude of aVos pac = (4/7)Wospac. Allernatively, we recognize that the
relau’'ve carmer feedthrough is equal to eV s pac/(eV4/2) = 2Vasoac/V o For example,
il Vospac = 10mVand V, = 0.1 V, then the feedthrough is equal to —34dB.

Lctus now considcer the cffecet of threshold mismatches within the switches themscelves.
As illustrated in Fig. 6.90(a), the threshold mismatch in one pair shifts the LO waveform
vertically, distoiting the duty cycle. That is, Vi: is multiplied by the equivalent wavetonus
shown in Fig. 6.90(b). Does this operatyon generate an outpul component atf;? No, carrier
[eedthrough can occur only if adc component in the baseband is inixed with the fundamen-
tal LO frcquency. We thercfore concludc that threshold mismatcehes within passive mixers
introduce no carrier feedthreugh.”

13, Thc threshold mismalch in fact lcad$ Lo charge injoction mismateh between the switches and a slight dis-
wrbance at the ourput at the LO frequency. Bur this disturbance camves litter energy becanse it appears only
during L@ transitions.
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Vio+ Vos

° Vout2

(a) {b)

Figure 6.98 (a) Offset ina passive upconversion mixer, (b) ¢ ffect on LO wave forms.

Example 6.31

If asymmetries in the L@ circuitry distont 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 iraplies thal each pair is [ree [rom [eedthrough, and hence so does
thc overall mixcr.

The caroer feedthrough in passive upconversion mixers anses primarily from mis-
matches between the gate-drain capacitances of the switches. As shown in Fig. 6.91. the
LO feedthrough observed at X is equal to

Com — Ce»3
Com +Caopy+ Cx

Vx = Vi (6.148)

where Cy denotes the total capacitance scen from X to ground (including the input
capacitance of the following stage).
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Figure 6.91 LO feedrhrough paths in a passive mixer.

Example 6.32

Calculate the rela’'ve carrier feedthrough for a Cgp mismatch of 5%, Cx 2 10C¢p. peak
LO swing of (1.5 V. and pcak bascband swing of (.1 V.

Solution:

At thc output, thc LO fccdthrough is given by Eq. (6.148) and approximatcly
equal to (5%/12)Vi e =2.1mV. Thc upconverted signal has a pcak amplitude of
®.1 VX (2/m) =63.7mV. Thus. the carrier feedthrough is equal to —29.6di3.

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 Joads
scrve two purposcs, namcly, they relax voltage hcadroom issucs and raisc 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

2
Ay = ;gm.zﬁp. (6.149)

where R, is the equivalent parallel resistance of each inductor at resonance.

With only Jow frequencies present althe gates and drains of M1 and M2 in Fig. 6.92, the
circuit is quitc tolcrant of capacitancc at nodes P and @, a point of contrast to downconvci-
sion mixers. However, stacking of the transistors limits the voltage headroom. Recall frem
downconversion mixer calculations in Section 6.3 that the minimum allowable voltage at
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DAC

Figure 6.92 Active upcomwversion nixer.

X (or Y)is given by

2
Vi min=Ves1 — Ve + | 1 + = (Vess = Vima). (6.150)

if the dc drop across the inductors is ncglected. For cxample, if Vgs) — V7 = 300mV
and Vgs3 — Vru3 =200mV, then Vy g, = 648mV, allowing a pesk swing of Vpp —
Vymin =360mV at X if Vpp =1 V. This value is reasonable.

Example 6.33

Equation 6.15@ allocates a drain-source voltage to the input transistors equal to their
overdrive voltage. Explain why this is inadequale.

Solution:

The voltage gain from eachinpul to the drain of the corresponding teansistor is about —1.
Thus, as depicted in Fig. 6.93, when onc gate voltage riscs by V,, the corcesponding drayn
falls by approximatcly V,, doving thc transistor into thc triodc region by 2V,. In other
words, the Vps of the input devices in the absence of signals must be at least equal to their
overdrive voltage plus 2V, further limiting Eq. (6.150) as

@

A &

Vxmin = Vest — Vra + 2Va + (1 aF T) (Vess — Vras). (6.151)

£

The output swing is therefore small. If V., = 8@ mV, then the above numerical example
yields a peak output swing of 160 mV.

(Continues)
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Example 6.33 (Conrinued)

Figure 6.93 Veliugc excursions in an aclive uprcomersion mixer:

Unfortunatcly, the bias conditions of the circuit of Fig. 6.92 hcavily dcpend 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.
First, the current source consumes additional voltage headroom. Second, since node A
cannot be held at ac ground by a capacitor al low baseband [requencies. the nonlinearity is
morc pronounccd. We thercfore fold the input path and degencrale the differential pair to
alleviate these issues [Fig. 6.94(b)).

h@ @Iq

(b)

Figure 6.94 (&) Gilbert cell us upcomersion mixes, (b) mixer with folded input stage.
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Example 6.34

Detenmine the maximum allowable input and output swings in the circuit of Fig. 6.94(b).

Sohtion:

Let us consider the simplified topology shown in Fig. 6.95. In the absence of signals, the
maximum gale vollage of M| with respectto ground is equal to Vpp — Vs (| — V). where
|V 71| denotes the minimum allowablc voltage across 7. Also, Vp = V3. Notc that, duc to
source degeneration, the voltage gain frem the baseband input to £ is quite smaller than
unity. We therefore neglect the baseband swing at node 2. For M| to remain in saturation
as ils gate [alls by V, volts.

Voo = Vel = IVl = Vu + [Vym| = Vp (6.152)
and hence
Vo< Vpp — IWgsi — Vrail — IVl — IVl {(6.153)
Voo
Iy
vﬂ
A' Vim > M4 Y
Lo={|, m,
P
I3

Figure 6.95 Simplified f olded mixer diggram.
For the output swing. Eq. (6.150) is modilied w
. \/5
Vimin = | 1+ =) (V53 = V) + Vi3 (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 Vi — Via2
becomes sufticiently negative, |7 p| | approaches 73, starving M3 and Ms. Now, if the dif(er-
cntial input bccomes morc negative, M| and 7} must cnter the triode region so as to satisfy
KCL at node F, introducing large nonlinearity. Since the random baseband signal occasion-
ally assumes large voltage excursions, it is difficult to avoid this effect unless 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 indi'cates that the cutrent available to per{orm upconversion and
produce RF swings is approximatcly cqual to the difference between [ and £3 (or between
f> and i4). The maximum bascband peak single-cndcd voltage swing is thus given by

=1
Vamax = u (6.155)
G

1 R
=1 — £ P + —7—). (6.156)
mi.2 ~

Mixer Carrier Feedthrough Transmittces using active upconveesion mixers potentially
exhibit a higher carrier feedthreugh than those incorporating passive topologies. This is
because, in addition to the baseband DAC offset, the mixers themselves introduce con-
siderable offsel. In the circuits of Figs. 6.92 and 6.94(a), [or example. the baseband input
transistors suffcr from mismatches hetween their threshold voltages and other parameters.
Even morc pronounced is the offsctin the foldcd mixer of Fig. 6.94(b), as calculated in the
tfollowing example.

Example 6.35

Figurc 6.96(a) shows a morc dctailcd implementation of the folded mixer. Determine the
input-referred offset in terms of the thieshold mismatches of the transistor pairs. Neglect
channel-length modulation and body effect.

{a) ib)

Figurc 6.96 («) Role of bias current sources in folded mixer, (b} effect of offsets.

Solution:

As depicted in Fig. 6.96(b), we insert the threshold mismatches and seek the total mismatch
between /p and Ig. To obtain the effect of V510, we first recegnize that it generates an
additional current of gn10Vos10 in M1g. This current is split belween M2 and M according
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Example 6.35 (Cortinued)

to the small-signal impedance seen at node £, namely.

1
R¢ + —
_ 8ml
lIp2lvosio = 8mieVasio 1 1 (6.157)
R¢+ — + —
8ml 8m2
1
_ 82
l{pi|vesie = 8mioVesie ] T (6.158)
Ry+— +—
8ml  8m?2

The resuling mismatch between /» and /g is given by the difllerence between these two:

R
[Ir = Iolvosio = gmlOV()SIO—Szr (6.159)

Rs+

8ml.2

where 8.m1.2 = 8m1 = §m2. Note that this contribution becomes more significant as the
degeneraion increases. approaching g.neVosie for Rs > 2/8m1.2.

The mismatch between M3 and My simply translates to a current mismatch of gng Vosa.
Adding this componcnt to Eq. {6.159), dividing the rcsult by the transconductance of the
input pair, (Rs/2 + 1/8m1.2)" ', and adding Vosi. we arrive at the input-referred off set:

RS 1
Vos.in = 8mioRsVosi0 + §meVoss (7 +
8ml|.2

) + Vos) . {6.160)

This expression imposes a trade-off between the input offset and the overdrive voltages
allocaled 1o My—M 9 and M3—M4: for a given cuitent, 8, = 21p/(Vs — Vyg) increases as
the overdrive decreases. raising Vos.n.

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

Aclive mixers readily lend themselves to quadrature upconversion because their out-
puts can bc summed in the current domain. Figure 6.97 shows an cxample cmploying
foldcd mixers.

Besign Procedure As mentioned in Section 6.1, the design of upconversion mixers typi-
cally follows that of the power amplifier. With the input capacitance of the PA (or PA driver)
known, the mixer output inductors, e.g.. L1 and L2 in Fig. 6.97, are designed to resonate al

4. As explained in Chapter 4. the neise produced by a GSM transmitter in the receive band must be very
small.
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Figute 6.97 Summation of quadrature outputs.

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

Li=lg=———; (6.161)

where C;, includes the input capacitance of the next stage and the parasitic of Ly or L.
Also, the finite @ of the inductors introduces a parallel equivalentresistance given by

= (6.162)

If sensing quadrature baseband inputs wilh a peak single-ended swing of V,, Lhe circuil of
Fig. 6.97 produccs an output swing given by

2 R
Vpou = Beee—t—(2V.,), (6.163)
IIRS+ [
)

Emp

where the factor of /2 results frem summation of quadrature signals, 2V, denotes the
peak differential swing at each input, and g, is the transconductance of the input PM@S
devices. Thus, Rs, 8mp, and Vz must be chosen so as to yield both the cequired outpul swing
and propcr lincanty.

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

Thc tail currcnt of Fig. 6.98 vanics with timc as /ss = Iy + 7o cos wpp!. Calculatc the voltage
swing of the upconverted signal.
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Example 6.36 (Continued)

Figurc 6.Y8 Simplified stage for swing calculation

Solution:

We know that Iss is multiplied by (2/7)R,; as it is upconveited. Thus, the output voltage
SWIng al @ o= wyg Or Wro + mwpy is equal to (2/a}oR,. We have assumed that Isg swings
between zero and 27g, but an inpul lransislor experiencing such a lacge cwirent varialion
may become quite nonlincar.

The above example suggests that fo must be sufficiently large to yield the required
outpul swing. Thatis. with R, known, Jy can be calculaled. A double-balanced version of
thc circuit gencrates twice the output swing, and a quadraturc topology (Fig. 6.97) raiscs
the result by another factor of ~ 2, delivering a peak output swing of (4 2/} R p. With
Io (=1;/2=14/2 in Fig. 6.97) known, we select I} = 1» = I/2 = 1,/2.

How do we select Lhe leansistor dimensions? Lel us :iest consider the swilching devices,
noting that cach switching pair in Fig. 6.97 carrics a cuirent of ncarly 73 ( =14) at the
extremes of the baseband swings. These transistors must therefore be chosen wide enough
to (I) carry a cuirent of 73 while leaving adequate voltage headroom for 73 and /4. and (2)
switch their tail currents nearly completely with a given L@ swing.

Nexl. the ltansistocs implementing 73 and 74 are sized according Lo theic allowable
voltage hcadroom. Lastly, the dimensions of the input differential pair and the transistors
realizing /) and 72 are chosen. With these choices. the input-referred offset |Eq. (6.160))
mustbe checked.

Example 6.37

An engineer designs a quadratuce upconversion mixer for a given oulput frequency, a given
output swing. and a given load capacitance, Cy. Much to her dismay, the engincer’s man-
ager raises Cz to 2C, bccausc the following power amplificr 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 2C.?

(Conttnues)
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Example 6.37 (Conrinued)

Solution:

Following the calculations outlincd prcviously, we obscrve that the load inductance and
hence R, must be halved. Thus, all bias currents and transistor widths must be doubled so
as to mantarn the output voltage swing. This in turn translates to a higher load capacitance
seen by the L@. In other words, the larger PA input capacitance “propagates™ (o the L@
port. Now, the engineer designing the L@ is in lrouble,
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PROBLEMS

6.1. Supposc in Fig. 6.13. thc LNA has a voltagc gain of Ag and the mixcrs have a high
input impedance. If the 1 and Q outputs are simply added. determine the overall
noise figure in termas of the NF of the LNA and the input-referred noise voltage of
the mixecs.

6.2. Making the same assumplion$ as in the above problem. determine the noise ligure
of a Hartlcy rccciver. Neglect the noisc of the 90 -phasc-shift circuit and the output
adder.

6.3. Consider the circuit of Fig. 6.99, where C and C> are identical and represent the

gate-source capacitances in Fig. 6.15(b). Assume V| = =V, = Vpcos weot.
+ -+
V1 / C-l -I: '_-I_ CZ _VE
+
_Vuut
=

Figure 6.99 Capacitors driven by differentiad wave forms.

(@) If C1 = C2 = Cp(l + V), where V denetes. the voltage across each capacitor.
determine the L@ feedthrough component(s) in V ;. Assume ¢V < 1.

(b) Repeat part(a)il C| = C» = Co(l + &,V + &2V?).

6.4. Weexpress V,; in Fig. 6.29(c) as the product of the shaped resistor noise voltage and
a squarc wavc toggling between 0 and L Prove that the spectrum of Vi, is given by
Eq (6.31).

6.5. Prove that the voltage conversion gain of a sampling mixcr approaches 6 dB as the
width of the LO pulses. tends to zere (i... as the hold time appreaches the LO period).

6.6. Consider the L@® buffer shown in Fig. 6.55. Prove that the noise of M5 and M
appears diflerentially at nodes A and & (but the noise due to the loss of the tanks
docs not).

6.7. In the active mixer of Fig. 6.37. I, contains all frcquency components. Prove
that the convolution of these components with the harmonics ot the LO in essence
multiplies 4kTy /8. by afactor of 72/4,

6.8. If ransistors M2 and M3 in Fig. 6.60(a) have a threshold mismatch of Ves. determine
thc output tlicker noisc duc to the flicker noisc of 7Iss.

6.9. Shown in Fig. 6.100 is thc frontcnd of a 1.8-GHz recciver. The LO frcquency is cho-
sen to be 308 MHz and the load inductors and capacitances resonate with a quality




426

6.11.

6.12.

6.13.

Chap. 6. Mixers

factor of Q at thc IF. Assumc M1 is biascd at a covrent of 7, and thc mixcr and the
L@ are perfectly symmetric.

(a) Assuming M» and Mz switch abruptly and completely, compute the LO-IF
fecdthrough, i.e., the measured level of the 900-MHz output component in the
absence of an RF signal.

(b) Explain why thc flickcr noisc of M is critical herc.

Voo
Lo

VLo (900 MHz)
O

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

. Suppose the helper in Fig. 6.67 reduces the bias current of the switching pair by a

[actor of 2. By what [actor does the input-relerred contribution of the (Jicker noise
fall?

In the circuit of Fig. 6.67, wc placc a parallcl RLC tank in scrics with thc 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 resistance of R,,. (Bear in mind
that R, itsell produces noise.)

Can the circuit of Fig. 6.81(a) bc vicwed as a differential pair whosc (ail current is
maodulated at a ratc of 2/ o7 Carry out the analysis and cxplain your rcsult.

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 1 W, determine
the maximum tolerable input-referred noise of the mixers such that the transmitted
noise in the GSM RX band does not exceed —155dBm.

. Provc that the voltage conversion gain of a single-balanced rcturn-to-zcro mixcr is

cqual to2/5r cven for upconvcrsion.

. Prove that LO duty cycle distortion does not intreduce carrier feedthrough in double-

balanced active mixers.

. The circuit shown in Fig. 6.101 is a dual-gate mixer used in traditional microwave

design. Assume when M| is on, il has an on-resislance of Rypy. Also, assume abrupt
cdges and a 50% duty cyclce for the LO and ncglect channcl-length modulation and
body effect.
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Figure 6.101 Dual-gate mixer

(a) Computc thc voltage conversion gain of the circuit. Assumc M2 docs not cntcr
the triode region and denote its transconductance by g,.2.

(b) If Ryq is very small, determine the /P> of the circuit. Assume M2 has an
overdrive of Vgsy — V7 in the absence of signals (when il is on).

6.17. Consider the active nixer shown in Fig. 6.102, where the L® bhas abrupt edges and
a 5(0% duty cyclc. Also, channcl-length modulation and body cfYcct arc ncgligible.
The load resistors exhibit mismatch, but the circuit is otherwise symmetric. Assume
M\ carries a bias current of {sg.

{a) Determine the output offset voltage.

(b) Determine the /P> of the circuit in terms of the overdrive and bias cuitent of M.

Voo
Rp (1+ XRp
ViF
vo—l M, M, I—l
LO
La 2
VRFHE-“1

Figure 6.102 Active mixer with load mismaich.






