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CMOS Mixers and Polyphase Filters for Large
Image Rejection

Farbod BehbahanMember, IEEE Yoji Kishigami, John LeeteMember, IEEEand Asad A. Abidi Fellow, IEEE

Abstract—This paper presents an in-depth treatment of mixers with conjugate complex representations. The ultimate image re-
and polyphase filters, and how they are used in rejecting the image jection is limited by the quadrature accuracy of the mixer input
in transmitters and receivers. A powerful phasor-based analysis is phases, gain matching of the mixers, and the accuracy of the

used to explain all common image-reject topologies and their limi- X s . ) . .
tations, and it is shown how this can replace complex trigonometric phase shifts within the Hilbert filter. Without tuning, the repeat-

equations commonly found in the literature. Practical problems in  @ble image rejection of a simple quadrature mixer is limited to
design and layout that limit the performance of image-reject up- about 40 dB.

conversion and downconversion mixers are identified, and solu-  An interesting extension of the basic structure isdbeble-
tions are presented or limits explained. This understanding is put g adrature architecturgl]. It uses four mixers with both RF
to work in a low-IF CMOS wideband, low-IF downconversion cir- . . . .

cuit, which repeatedly rejects the image by 60 dB over the wide and LO inputs in qggdrature phases. Th|§ structure is shown t‘?
band of 3.5 to 20 MHz without trimming or calibration. be much less sensitive to the unbalance in the phase and ampli-
tude of the RF and LO inputs of the mixers. The image rejec-
tion is now limited by the gain mismatch between mixers, and
by inaccuracies in the IF phase shifter. It will be shown that in
practice a carefully designed polyphase filter can repeatedly re-
. INTRODUCTION ject the image by 60 dB, comparable to what is possible with an

BTAINING adequate image rejection with on-chip cir-0ff-chip IF filter.
O cuits poses the main obstacle to full integration of a super-

heterodyne wireless receiver (RX). In a zero-IF RX, the imagd- ANALOG POLYPHASE FILTER: EVOLUTION AND PRINCIPLE
of one half of a channel is the other half of the same channel, OF OPERATION

thus it is sufficient to reject the image by, say, 15 dB or so rela- Before discussing the details of the passive polyphase filter,
tive to the final required signal-to-noise ratio (SNR), and thig js important to understand Hilbert filters in general. A con-
is easily obtained with conventional quadrature downconvefentional bandpass scalar filter is synthesized from a lowpass
sion. However, zero-IF suffers from several drawbacks suchggtotype by the symmetric lowpass-to-bandpass transforma-
dc offset and flicker noise, which cannot be easily eliminataghn, s/jwo — (s/jwo + jwo/s). It cannot distinguish be-
without also removing valuable spectral energy around dc in thgeen an input frequency and its image on the negative fre-
downconverted spectrum. By contrast, a low-IF receiver dowguency axis, and offers the same frequency response to both
converts the desired channel to frequencies beyond the flickefy. 1(a)]. On the other hand, a Hilbert filter creates a bandpass
noise corner. Although the IF amplifiers and filters operate gésponse by translating a lowpass prototype witrstiif trans-
frequencies substantially the same as in a zero-IF receiver, {hfn, s — (s + jwo), SO the frequency response is no longer
image now consists of some other unrelated channel two tim@grored about zero frequency, and the desired frequency may
the IF away in frequency, which may be substantially larger thgg in the passband, while the image frequency lies in the stop-
the desired channel. This unrelated channel might have to g [Fig. 1(b)].
suppressed by up to 60 dB. With this in mind, a Hilbert filter may be synthesized to null
The image channel may be rejected by filtering prior to dowfhe image while passing the desired frequency. The prototype

conversion, or by signal cancellation. However, it is difficult tgs the single-poleRCfilter with a notch at dc. The constitutive
build active filters with sufficient selectivity and dynamic rangge|ation of the circuit is

at the high frequencies prior to final downconversion. A prac-

tical alternative is to cancel the image, by mixing quadrature (Vin — 0)sCR = vg. Q)
phases of RF with the local oscillator (LO), or vice-versa, and

following this with a Hilbert filter at the IF. A Hilbert filter re-  APplying the shift transform to this equation leads to
sponds to the complex representation of a signal, rather than to .
only its magnitude. This is relevant here because after downcorzqfi’f1 — wo)(s + jwo) RC =

version, the signal and its image lie at the same frequency, but = (u;,, — vo)sC 2%(1/0 — jwoRCvyp) + %ijRCUO

Index Terms—Analog complex filter, analog polyphase filter,
image rejection, quadrature generation, radio receivers.

1 1
= (Uin — Uo)SC I—(Uo — jvm) + Ejvo
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Fig. 3. ClassidRC polyphase filter, shown in two different ways.
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Fig. 1. (a) Conventional highpass filter with notch at dc. (b) Hilbert filter,
which gives asymmetric response to positive and negative frequencies, obtai
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Fig. 5 shows the response of the filter to the two sets of pha-
sors. If the input frequency is/27 RC, two adjacent inputs are
shifted by +45° and —45° to the output. The outputs of the
branches add constructively (destructively) for counterclock-

. ] o ] wise (clockwise) quadrature inputs. Thus, the polyphase filter
If the input signals are present in differential and quadratufgiects the counterclockwise, collinear differential, and collinear
phases, thatis, asu;, and=jvi,, then resistor or capacitor con-in.phase components, and only passes the counterclockwise set

nections between these signals and additional controlled sourgegeRC pole frequency. The collinear phasors are rejected at
realize the filter circuit. Repeating this structure for each of thg, frequencies, whereas at frequencies other thamReole

four inputs, the circuit naturally extends to a differential quadrgre counterclockwise sequence is rejected less.

ture topology (Fig. 2). At the image frequency when the filter The polyphase filter may be used in two places in a wireless
producesy, = 0, the four controlied sources carry zero curréneceiver: to generate balanced quadrature phases from a single
This means that the filter null is unaffected if these sources PRase, and to reject the image. Fig. 6 shows lifferential
deleted from the circuit. It is easily seen that removing the COBuadraturephases are generated frondiéferentialinput. The
trolled sources only raises the passband gaia'ByThis gainis gifferential signal may be decomposed into two equal ampli-
unimportantas long as itis atleast unity. The circuit that remaifigye quadrature sequences, one clockwise and the other coun-
after deletion of the controlled sources is the classic pa&Ve (g(clockwise. When the input signal frequency is atR@pole,
polyphase filter [2]. o the polyphase rejects the clockwise sequence and only the coun-

The polyphase filter is a symmetriRC network with inputs - terclockwise sequence comprising perfect balanced quadrature
and outputs symmetrically disposed in relative phases (Fig. 3)rvives at the output.

Consider applying four inputs, all sinewaves at the same fre-For image rejection, the image and desired signals are first
quency but with arbitrary amplitudes and phases as represeigginconverted by quadrature LO phases, which maps them to
by the phasors shown in Fig. 4 (vector setCrucial to under- the same frequency but into two opposite sequences. This fol-

standing the action of the polyphase filter in a simple geomegyys from the trigonometric identities

rical way is the notion of input sequences, or basis functions [2].

The input phasor set can be decomposed into four balanced sén(wro + wir)t X sinwr ot

quences: quadrature clockwise (phasor set C), quadrature coun-  — (4 coswipt — cos(2wr.o + wir)t) — +3 coswpt
terclockwise (phasor set A), collinear differential (phasor set B), . 2 2
and collinear in-phase (phasor set D). The collinear componen dn(wro £ wirp)t x coswrot
produce two pairs of common-mode outputs, which are rejected

with differential sensing. The balanced components are found (4)

Fig. 2. Evolution of the simpl€R highpass network into the corresponding
Hilbert filter.

= L(tsinwrpt + sin2wro + wir)t) — £ sinwrrt.
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Fig. 5. Polyphase filter passes one input sequence (counterclockwise in this example), and nulls the other input sequence.
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Fig. 6. Polyphase filter used to generate differential quadrature phases from a
differential input. The input is the sum of two opposite sequences, one of which
is nulled.

LO
(@
Then a polyphase filter tuned tor- following the mixers RF ;

passes the desired signal but nulls the image.

Fig. 7 shows two possible arrangements for downconversion,
referred to as single-quadrature downconversion. When either
the RF inputs are in quadrature [Fig. 7(a)] or the LO inputs

Polyphase
Filter

[Fig. 7(b)], the desired and its image downconvert into oppo- Lo Qo
site quadrature sequences. )
I1l. PRACTICAL DESIGN CONSIDERATIONS Fig. 7. Two possible image-reject downconversion arrangements, referred to

as single-quadrature downconversion. (a) RF inputs in quadrature. (b) LO in
This section addresses the practical design issues for an @Rixdrature phases.

polyphase filter.

A. Bandwidth

The polyphase filter fully rejects an input sequence at only trn:
RCfrequency. Away from this frequency the rejection is weakeS
Several stagger-tuned stages of the polyphase filter must the2
fore be cascaded if strong image rejection is required acrc§
a wide band. Fig. 8 shows the image rejection through a fivig
stage polyphase filter, whose pole frequencies are logarithn&
cally spaced for equiripple response [3].

The larger the image rejection desired, or the higher the rat
of maximum to minimum signal frequency, the more polyphas
stages needed in cascade (Fig. 9) [3]. In practice, the on-cl
RCtime constant may vary from lot to lot b¥25%. Thus, in
addition the filter must be designed to null over the bandwidt
of one channel witht25% added on as margin.
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B. Component Matching Frequency, MHz

Mismatch in the transfer function of each branch of the _ ,
Fig. 8. Cascade response of five-stage stagger-ti@golyphase filter.

p_olyphas_e filter means that the phasors represer_lting the im_ﬁﬁglly, this delivers better than 60-dB image rejection over the desired
signal will no longer cancel exactly. The following analysigequency band.

shows the relation between the mismatch and ultimately achiev-
able image rejection. Consider ofC section of the filter lying in the image sequence are rotated through this section and
[Fig. 10(a)]. With correct component values, the two inputsancel exactly at the output. However, if tlieand C' deviate
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8 C. Resistor Cut-Off Frequency
70 Large area resistors suffer from distributed capacitance to the
substrate [Fig. 11(a)]. Associated with the resistor is a cutoff

60 frequency

) 1

gso fR = 27TL2pCéX (8)

0

2 40 where

) .

o p sheet resistance;

L resistor length;
C! . capacitance per unit area to the substrate.
As a result a high frequency signal shifts in phase within the
. ; . resistor. This disturbs the intended phase shift through the
s : R NI polyphase filter branches, and the image is no longer nulled.
10 100 Fig. 11(b) shows the minimum ratio between the cut-off
fmax/fmin Of rejection band frequency to the highest pole frequency and the corresponding
Fig. 9. Image rejection versus the relative bandwidth over which it is sougtq',andWIdt_h f(_)r two to five stages of polyphase fllt_ers, with
with the number of necessary stagger-tuR€btages in cascade as a parameteHMage rejection as a parameter. From (2), the required cut-off
frequency sets the maximum resistor length. Fig. 11(b) is the
same as Fig. 9, now taking into account resistor self-cutoff

such thatit = Ro(1 + 6r) andC = Co(1 + éc), and the input ¢aq,ency. Compared to the ideal case, Fig. 9(c) shows that the
frequency# 1/(2xRC), then from the well-known transfer rejection bandwidth is now lower.

functions of single-pol&CandCRnetworks, it follows that the

polyphase section still rotates the two signals into antiphags, Polyphase Voltage Gain and Loss and Frequency Response
but their amplitudes are no longer equal [Fig. 10(b), (c)].

This results in nonzero output. Corresponding to a fractional Depending on the loading of the following stage, the desired

deviation in time constant g, the residual voltage is signal traversing the polyphase experiences either gain or
’ loss. As Fig. 12 shows, in the absence of loading equal input

sinewaves at th&C pole frequency reach each output node
1—wr(l+6,) —5, in-phase and add together in voltage (6-dB gain). However,

64 = N o) =7 aroundwr = 1. (5) within each branch the input signal is attenuated by 3 dB
T through theRCor CRseries combination, which results in a net

Four such uncorrelated signals appear at the polyphase fil¥@flage gain of 3 dB from each input node to the corresponding
outputs due to random mismatches in the fe@sections. From output node. When an identical stage loads the output without

(1), they contain a balanced image sequence whose each ph4fgring, the resulting voltage division by 2 lowers the 3 dB
has an RMS value of of gain into a loss of 3 dB. The lower the load impedance, the

higher the loss the desired signal suffers in each stage.
On the other hand, the relative suppression of the image is
1 o4 Ao, independent of this load, as long as the load is equal at all four
im Trl+l+loa 2 T 22 (©) outputs. This can be simply deduced from the fact that the null
in the image sequence arises from a transmission zero which is
To find the image rejection, compare this with two input phaunaffected by the grounded load.
sors of the same amplitudé but in the desired sequence. The |f there are no grounded loads at the polyphase filter outputs,
output is nowy/24, and the normalized RMS image leakagénen at dc and very high frequencies either the resistors or the
due to component mismatch is capacitors, respectively, transmit the input to the output with
0-dB voltage gain. In practice, some other circuit must follow a
polyphase filter stage. If this is another stagger-tuned stage of
o (Image Out) oy Ir 1\/(0_}3)2 I (00)2 the polyphase filter, the bottom plate parasitic associated with its
Desired Out /24 4 4 ' capacitors loads the previous stage. If it is a differential pair, it
(7) isthe differential input capacitance. In either case, as there is no
resistive path to ground, the dc voltage gain through the stage
Thus, to reject the image by 60 dB with $ield, the filter re- in question remains 0 dB. However, voltage division between
sistors and capacitors must match te af 0.094% assuming the polyphase filter capacitor and the grounded load capacitor
Gaussian distribution. It is known from experimental studiesttenuates the signal as frequency rises, and may be substantial
[4] that the variance of adjacent on-chip resistors and capaai-the desired signal frequency.
tors is proportional to the inverse of their surface area. Deepln a multistage polyphase filter, the cascade loss must be lim-
image rejection therefore requires elements with large areaitied at the desired signal frequency, otherwise its noise figure
the polyphase filter. will rise unacceptably. To control the total loss, the impedance

w
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Fig. 10. (a) One signal-cancelling section of polyphase filter with deviated components. (b) Resulting ranges of magnitude and phase respdnardh.eac
(c) Noncancelled residue signal.
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Fig. 11. (a) Parasitic capacitance to substrate associated with resistor. (b) Resistor cutoff frequency (as defined in text) versus signébfraguancimage
rejection. (c) Rejection bandwidth for various numbers of stages, if resistor cutoff is marginal.

of each successive stage is made larger so that it lightly loads EhePolyphase Filter Input Impedance
previous stage [Fig. 12(b)]. The stages use progressively largeirp,q input impedance of a polyphase filter is strongly fre-

resistors, with the largest value in the last stage; the stage §fency dependent. This poses a problem when the input source
pacitors are chosen to give the right pole frequency. ParasiliGistance is nonzero.

capacitance to substrate limits the highest usable resistance ip, 4 multistage polyphase filter loaded at the output with ca-
the last stage, with the consequence that in a long cascade,lotgat(,mCe only, there is no resistive path to ground, which im-
low resistance of the first stage may heavily load the circuit thﬁﬁes very high input impedance at dc. At the pole frequency
drives the polyphase filter. of the first stage, the input impedance fallsifj(1/jwC). At
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Fig. 12. (a) Signal summation at output node of a polyphase filter, and the effect of a grounded load at the output. (b) Tapering impedance iriltenltstage
lower attenuation of desired signal.
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Fig. 13. Two possible ways to terminate a polyphase filter cascade to obtain a differential output. (a) Shorted pairwise outputs. (b) One eutpiigped in
dummies.

very high frequencies, the input impedance is lower still, cothke output. Therefore, the last stage’s resistance must be lower
sisting of the load capacitance to ground in series with the filtdran some noise-determined upper limit. It follows that to avoid
capacitors. Thus, the input impedance transitions from infiniteignal loss through the filter, the resistance in previous stages
through B/(1 + j), to mainly capacitive. When a transconmust taper down, possibly leading to a very low resistance in
ductance stage such as a Gilbert mixer drives the filter withtlae first stage. The input source resistance must be capable of
wideband input, the voltage gain to low frequency signals willriving this resistance.
be much larger than the gain to the desired signal at the pole
frequency. Strong adjacent channels might downconvert inGa Polyphase Filter Output
low-IF RX to lower than the pole frequency. Subject to the large 1 output of every stage in a polyphase filter exists in dif-
gain_in the polyphase filter, these ir_1terferers may _saturate 8ential quadrature phase’ (Qo, I}, Q). In practice, the cir-
receiver. Therefore, the polyphase filter must be driven by lowit following the polyphase filter, usually an amplifier, is dif-
source impedance, such as a voltage follower after a transcijential. A differential output can be tapped from the polyphase
ductance type mixer, to obtain a relatively uniform gain thafter in two possible ways, shown in Fig. 13. In the first method
does not disproportionately boost low frequencies. Iy is shorted toQ, and I/, to Q4. In the second method, the
output signal is taken from, andl{, or Qo and@);. In the first
method, quadrature phases of the same signal propagating in the
All resistors in a multistage polyphase filter contribute noisd. and @ branches add together (3-dB voltage gain), but each
However, like the desired signal, noise originating in the firdtranch also loads the other branch shorted to it (6-dB voltage
few stages is attenuated as it traverses the filter. If all stages lass). Compared to open circuit output, the voltage gain to the
equal resistors but different capacitors for stagger tuning, ttlesired signal in this filter stage is 3 dB lower, that is, net 0 dB.
last stage’s voltage noise spectral dengit’ R dominates at The second method, by contrast, gives the 3-dB net gain of a

F. Polyphase Filter Noise
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polyphase filter terminated in an open circuit. However, the two
unused outputs must be loaded by dummy capacitors, otherwise

)
the unbalanced termination of the polyphase filter will degrade 3;* -20
image rejection. Itis difficult to exactly match dummy grounded %
capacitors to the input capacitance of a differential pair. 3 30
The limit to image rejection when the polyphase filter loads °
are mismatched depends on the ratio of the load to the filter g -40
capacitance. If the load capacitance is smaller, the spread in ¢
ratio of the load capacitance and the polyphase capacitance must ®
. . £ -50
obey (6). If the load capacitance is comparable or larger, the =
i . 5
fractional spread of the load capacitors alone should obey (6).
In general, the first method is less sensitive to load capacitance '6960

mismatch than the second method. Harmonic/Main (dB)

V. POLYPHASE FLTER DESIGNGUIDE

The foregoing considerations may be summed up as a series

of steps to design a practical polyphase filter that meets cert@dllows the filter, the collinear common-mode signal at each
specifications. output shifts the zero crossings and corrupts the final phase

Step 1) Calculate the number of stagger-tuned stages figlationship among the outputs. Thus, the outputs must be
quired in the polyphase filter from the target imagé&ensed using linear differential circuits that reject the common
rejection and the fractional bandwidth over whichinode (Fig. 6).
this rejection is required. A nonsinusoidal input waveform contains differential har-

Step 2) As an initial guess, place the two lowest and highé®pnics. These generate noncollinear components at the output
poles at the boundaries of the rejection band. Spatt cannot be rejected as common-mode. The polyphase filter
the remaining poles equally on the logarithmic frepasses harmonics with an entirely different gain and phase than
quency axis. The actual pole locations are fine-tundtie fundamental, which upsets the duty cycle of the output wave-
by simulations. form.

Step 3) Specify the matching between the resistors and beFig. 14 shows the resulting ultimate limit on the image-re-
tween the capacitors based on the desired imajggtion using single-quadrature downconversion followed by a
rejection. This determines the physical area of tH#vo-stage polyphase filter to generate quadrature phases. The
filter. fundamental coincides in frequency with the first null of the

Step 4) Large resistors will lower the power consumptiopolyphase filter. The error depends on the relative harmonic am-
of the amplifier driving the polyphase filter input. plitude. The third harmonic shifts the zero-crossing positions,
Use the largest filter resistance, limited either by th&/hile the second harmonic shifts the zero crossing position and
maximum noise at the output or by the cut-off freupsets duty cycle matching. This shows that only very small dif-
quency. In low-noise or low-frequency circuits, thderential harmonic levels are tolerable for strong rejection of the
first is the limiting factor, while in high-frequency image.
polyphase filters it is the second.

Step 5) To lower cascaded loss, taper down the resistance of VI. QUADRATURE UPCONVERSION

the polyphase filter stages toward the input. The re- Quadrature mixers are used for single-sideband upconversion

sulting impedance of the input stage of the ponha%%SUC). In this section, we describe the effect of imperfections

filter .V\.”" de_termlne the drive requirements on theon the final sideband suppression. The reader is asked to bear in
amplifier prior to the filter.

mind the difference between upper and lower sidebands, each of

Step 6) Design the driving amplifier. If the cascade fllte\5vhich can appear in quadrature as one of two sequences (clock-

loss is stlll_too large, insert interstage amplifiers Qise or counterclockwise).
preserve signal dynamic range within the polyphase

filter. A. Single-Quadrature Upconversion (SQUC) with Ideal
Mixers
V. QUADRATURE LO GENERATION Consider upconversion with two mixers (Fig. 15) imple-

As explained in Section II, the structure in Fig. 6 genmented by the relatiodrr = 1o - Iin + Qro - Q. With
erates balanced quadrature signals from differential iRerfect quadrature sequences at the baseband (BB) and LO
puts. Any common-mode signal at the input generatesinputs, and matched mixers, only one sideband appears at the
collinear common-mode component at the output. The inp#tput; in this example, it is the lower sideband (LSB).
common-mode signal may arise from imperfect balance at
the input, or from the even-order nonlinearity in the previousCos wr.ot - Coswint + sinwrot sinwint = cos(wr.o — win)t-
stage. When a single-ended nonlinear circuit such as a limiter (9)
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Fig. 15. Two possible arrangements for single-quadrature upconversion. Each
signal is actually differential. 1 1
. . . . Id ,

Reversing the sequence of either the input or the LO, whict , Er 2
is equivalent to multiplying? and@’ by —1, results inlgr = = L + 1%.
Ito - Iin — Qo - Qin. Now the upper sideband (USB) appears 2 X 2 1 ) 1
at the output.

cos wrot - €os wipt — sinwrot sin wi,t = cos(wro + win )t 1

The other option_ is to implement the upconversion/gs - Fig. 16. Unbalanced quadrature sequences may be resolved into linear
Qi — Qro - Iin (Fig. 15) combinations of balanced sequences of both possible orientations. (a)

Amplitude imbalance. (b) Quadrature imbalance.
cos wrot » sinwipt — sinwr,ot cos wint

= —sin(wro — Win)t = cos | (wro — win)t + 3% . IRF=ILO'Iin+QLO'Qin
(11) Qrr=lLo-Qin—QLo-Qin

It is important to note that the outputs of this mixer arrange- i, = ® —> IRF
ment are rotated 90relative to the previous arrangement, and Q,.—> ® —}QRF
therefore the output is notated &%y, as opposed tdgr. I-_m—b ® N
Again, reversing the sequence of either the input or the LO in ® »ﬂ:
selects the upper sideband after upconversion but in opposite Qin_’ QRF
polarities, respectively, a@rr =—I1.0 - Qin—Qr.o - Iin and T t)T
OQrr = +r1.0 - Qi +Cr1.0 - Iin (Fig. 15). This fact is important 9d|| 3|0-I

for double-quadrature upconversion (DQUC), explained later.
Any ,unbalanc,ed or nonquadrat,ure sequence can be dec%m._ 17. Double-quadrature upconversion arrangement uses two

posed into a weighted sum of the ideal balanced quadrature §&gie-quadrature mixers, whose mixed outputs are in relative quadrature.

guence and the opposite error sequence (Fig. 16). Gain mis-

match in the two mixers may be modeled as an unbalanced input o .

applied to two matched mixers. Following the above argumeﬁ%j and (10)] is in quadrature with the output of the other. In

the opposite error sequence generates the unwanted sidebal Hvay: the DQ.UC constructs a quadrature output sequence in
ponse to an input guadrature sequence.

the output. Since the phases of the error sequences in the irﬂg b perfect inout and LO drature signals may be decom

and LO are random and uncorrelated, the resulting unwante Ee. fc l_pu a bi ql:_a afu € sg_tas ay be decom-
sideband signal that each error produces could add or subtrBREEY INt0 a linéar combination ot opposite sequences, repre-
ting the ideal and the error. The ideal sequence of the input,

Thus, the relative size of the unwanted sideband is bracketedzﬁgr mixing with the ideal sequence of the LO, produces the

follows: . desired upconverted sideband in what will be referred to as the
LOcr  INg Unwanted Sideband |LO., IN, desired sequence.gpand LGy after mixing generate the un-
LO;4 IN;g Desired Sideband— |LO;; IN;4|  wanted sideband, and so do kQOand In,. Using the above

(12) analysis, the unwanted sideband due to input error will have the
same sequenas the desired sideband. However, the LO error
. ) sequence generates an unwanted sideband with the opposite se-
B. Double-Quadrature Upconversion (Ideal Mixers) guence. In upconversion, it is often the case that the input signal
The double-quadrature upconversion (DQUC) topology [1§ at a much lower frequency than the LO frequency. Thus, after
is merely the combination of the two SQUC circuits abovapconversion the upper and lower sidebands are close together
(Fig. 17). Since both SQUCs share the same input sequeniceBequency. A polyphase filter tuned to the upconverted fre-
at the input, the signal phase at the output of one SQUC [sgegency will offer essentially theame gairnto bothsidebands
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Fig. 18. Graphical analysis of mixer gain errors in the double-quadrature upconversion mixer.

but will pass only one sequencEhus, the polyphase filter will is completely nulled with only 50% probability. To suppress
pass the unwanted sideband that lies in the desired sequetite other 50%-likely case, the mixers must match to a relative
This limits the image rejection as follows: value equal to the desired rejection of the unwanted sideband.

Unwanted Sideband Inﬁ
Wanted Sideband ~ Injq°

(13) VIl. QUADRATURE DOWNCONVERSION

This section addresses issues of image-reject downconver-

In practice, large devices can improve the matching of thgon, where both the desired signal and the image signal pass
baseband circuits to create the input signal in highly accurafgough the mixer and are later rejected. Whereas in the up-
quadrature. This is much more difficult to do at the high freconversion case the image (unwanted sideband) is related to
quency of the LO. Thus, the discussed property can signifhe wanted output, in a receiver the desired and image signals
cantly improve the unwanted sideband suppression inthe DQR two different channels, and therefore totally unrelated. Re-
system. ceivers are usually designed with the idea that the image is much
larger than the desired signal.

Fig. 19(a) and (b) show two well-known downconversion ar-

In the previous section, we assumed that the mixers are iditectures, labeled single quadrature, and Fig. 20 shows an ex-
ally matched. This is not true in practice. To analyze the effetgnsion which is termed double quadrature. Multiplying a differ-
of mismatch, assume balanced quadrature sequences of theebh@al input with a quadrature set of phasors produces another
and input but mismatch in the gain of the mixer pair to the inpafuadrature set at the translated frequency. After downconver-
signal,G = AG. The gain mismatch can be reflected back to tr&on, the desired signal and the image lie in opposite sequences,
quadrature inputs. For SQUP, this may be thought of as an @s-shown in Fig. 19. For quadrature LO and differential RF, the
balanced quadrature sequence driving ideally matched mixarstput sequence is opposite of (the same as) the input sequence,
From the analysis above, the unbalanced input may be resolifatie LO is high (low)-side injected. For quadrature RF and dif-
into a balanced sequencs (G) representing the main input, ferential LO the opposite is the case. Therefore, following the
and another balanced sequence in opposite orientatiah@) mixer the appropriately configured polyphase filter selects the
representing the error; thesror sequencaipconverts into the desired signal and suppresses the image.
unwantedsideband. Now consider the effect of imperfections. Suppose that either

There are four mismatched mixers in the DQUP arrangtite RF input or the applied LO is not in exact quadrature. As
ment. To analyze this simply, notate egudir of SQUP mixers before, the actual (nonquadrature) phases can be decomposed
with a gain of G; £ AGy, G2 £ AG,, where AG, are into an exact desired sequence, and a small opposite sequence
zero-mean random variables of either polarity, &#d-> are representing the error. Whether the error is in the LO or in the
uncorrelated. The mixer gain error is equivalent to unbalancBdr input, after mixing the error sequence in the image will ap-
input sequences applied to matched mixers, much the sapear in the same sequence as the downconverted desired signal.
as in the SQUP case. The resulting output sequences are Besa result, this portion of the downconverted image will pass
visualized graphically (Fig. 18). They consist ofveanted through the polyphase filter with the desired signal. The image
sidebandcomprising a slightly unbalancedksired sequencge rejection is therefore the ratio of the amplitude of the desired se-
and an unwanted sidebandvith an ambiguous sequencequence to the error sequence. Exactly the same analysis applies
which depends on the signs and relative sizes of the randdrthe amplitude of the quadrature input is unbalanced.
variablesAG, ». A polyphase filter following the upconverter At high frequencies, the parasitics and finite resistor cut-off
will pass one sequence and null the other for both wanté@quency make it difficult to supply the mixer with quadrature
and unwanted sideband, which are usually close togetheraiccuracy better that 1%, which limits image rejection to 40 dB.
frequency after upconversion. Thus, the unwanted sidebamthile quadrature phases of the LO may be derived in one of

C. Mismatch in the Mixers
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Fig. 20. Double-quadrature downconversion mixer.

the sum frequency. This means that the first-order error terms,
RFq x LOg;: or LOg, x RFy, do not create any output at
IF, but lie at the far-away sum frequency where they are easily
removed by a lowpass filter. However, the fourth term gRF
x LOg;, generates output at IF with the same sequence of
the desired signal. Thus the image downconverted due to the
product of the errors, which is a second-order quantity, passes
H]e polyphase filter.

So far it was assumed that the four mixers match perfectly.
in (or delay) mismatch in the mixers unbalancesahigput
) sequence, which too can be decomposed into ideal and error
When a large image rejection is required, the doubIe—quad?f—ql.Jences' The Tesu'“”g. IF sequence unbalance, Wh'Ch.'S pro-

DY tional to the mismatch in the mixers, causes part of the image

ture downconversion arrangement is a better choice. This u ) . .
signal to fall into the same sequence as the desired signal. There-

four mixers, with both LO and RF inputs applied in quadr . . . i S ,
ture, and the outputs of the mixers are combinedyasd | r ai)()r:jee,rt?neén(lgﬁ(r:mlsmatch limits the image rejection to the first

“lLo+ Qrr - QLo and Qr = Irr - QLo — Qrr - ILo. These
comprise a pair of SQDC mixers. It has been noted before [1],
and is proven below, that image rejection depends only to the
second order oguadrature inaccuracyn the LO and RF. For  The choice of mixer circuit depends on the required image re-
instance, to reject the image by 60 dB, 3% quadrature accurgegtion and the input signal frequency. At high RF, differential
is enough for each of the RF and LO inputs, instead of the 0.184irs in a Gilbert-type mixer must use wide FETs of minimum
in single-quadrature downconversion. channel length for good matching [5], and this raises the power
The equations describing the four-mixer structure are tlsensumption. In this respect, passive MOS switch mixers are
same for double-quadrature downconversion (DQDC) asdperior. TheoN-resistance of the switch must be lower than
DQUC. The four mixers are grouped into two pairs (Fig. 20jhe polyphase filter resistor in series with it. This means that
As is shown in Fig. 21, inaccurate RF and LO quadrature sigrhen the switches aren, the series resistorsletermine mixer
nals are decomposed into ideal and error quadrature sequengai matching. However, the switch resistance dominates in the
RFq, RFg:, LOw, and LGs,. Four components appear at thdransition fromoFF to oN. Now random or systematic spreads
output of the mixer sets, RIr x LO1q, RFq x LOg,, LOg, x in threshold voltage and switch channel resistance will con-
RFq, and Ri, x LOg,. The first term is the wanted output,tribute mismatch in the time-averaged mixer conversion gain.
downconverting the desired and image inputs to the sarha LO waveform with sharp edges alleviates this problem be-
frequency but in opposite sequences. In the second and trdedise the mismatches are apparent over a smaller fraction of the
terms, the sequence of one of the components is reversed. Ndack cycle. At low LO frequencies, this is readily obtained by

[ 8 recall the argument applied to the SQUC blocks. If either the
-D— ® | X Poly RF or LO sequence is reversed, the mixer output will select the
® — |Phasé other sideband, here from the difference frequeneyik) to
(e
P o

many ways, such d@CG-CRcircuits, polyphase filters, quadra-
ture oscillators, or divide-by-2 stages, only the first two are a|
plicable to derive RF quadrature. In all cases, mixer gain mis-
match and quadrature inaccuracy, whichever is larger, limits tﬁ
image rejection.

VIIl. M IXER BLOCKS
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IX. AMPLIFICATION WITHIN POLYPHASE FILTER

In a wideband multistage polyphase filter, the cascade loss
Phase Error may accumulate to the point that interstage amplifiers must
inL0 boost the signal if it is not to be overcome by noise. To fulfill the

F|g 21. Graphical analysis of errors in double-quadrature downconver5|oE’eCIflcmIon on |mage re]ectlon the ampllflers in each branch

mixer, based on decomposition into two single-quadrature single-sidebdh¥ISt match as accurately as the polyphase filter components.
select mixers. This requires careful layout and use of large area MOSFETs

which match well inV;. The gate area of FETs in low frequency

switching the mixers with the rail-to-rail output of fast CMOSamplifiers may be enlarged by using wide and long channels,
inverters. while holding the ratioW/L at a reasonable value. Now only

A FET switch is nonunilateral. This has an important pradhe required dynamic range, not area, determines power con-
tical consequence in the double-quadrature mixer. Assumingémption. However, in high-frequency amplifiers the minimum
square-wave LO, at any time two among .@Oq, LO}, and fr required for successful operation may consttaito some
LOg, are high. Without loss of generality, consider @O, upper limit, and FET area can only be enlarged by increasing
both high as in Fig. 22. Then the two differential inputs,;RFW/L leading to higher bias current.
and RFE are shorted through four switches. This means thatThe interstage amplifier must have large dynamic range in
each input source is differentially shunteddy,n, which will  order not to limit overall receiver dynamic range. Furthermore,
deeply attenuate the signal. This problem can be solved in ta® explained in Section Ill, the polyphase input impedance is
ways. First, isolating resistors can be inserted in series wilrongly dependent on frequency. To maintain a relatively flat
the passive mixers (Fig. 23) increasing the effectiyg of the overall gain versus frequency, the interstage amplifier's output
mixer switches. Well-matched linear isolating resistors also inmpedance must be much lower. This requires a two-stage am-
prove gain matching among the mixers. However, the series igdifier, in which the first stage provides gain and the second
lating resistors induce signal loss. The second way to overcostage provides the low output impedance. Output impedance
this problem is to separately connect the four mixer outputs toveay be lowered with a source follower, or with voltage sam-
polyphase filter divided into two identical halves on a commopling feedback.
centroid. The outputs of the two half circuits are finally con- The cascade loss is high through a passive downconverter fol-
nected together after the last polyphase filter section (Fig. 2#)wed by a multistage polyphase filter. The optimum point for
In this way, the input differential nodes of the mixers connect inserting the amplifier to maximize the dynamic range is where
through all the polyphase filter stages in series, which lowers thi@livides the total cascade loss into two equal parts. Section Xl
loading on the driving stage. illustrates this in an image-reject downconversion circuit.
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) asymmetrically. To balance the parasitic interconnect resistance
> Qo'®° Qo = in each branch, the interconnect lengths are equalized. As
9 g shown in Fig. 26, one solution is to use serpentine shapes as
Isolating N N part of all the parallel interconnections. By adjusting the height
. = = of the serpentine, the wire length in the branches may be
Resistors 8 8 . . .
- equalized while keeping the same number of corners. Another
liF1o problem is in the asymmetry in crossover capacitances. If the

. . . o . iRrocess has three or more metal layers, a grounded isolating
Fig. 23. Isolation resistors in series with mixers lower the input source loadi & . . .

and improve matching of gains in the multiple branches when mixer switchf et?—' plate may be inserted between the ?'gna.-I lines, aS.Shown
areon. in Fig. 26. This converts the asymmetric interline capacitance
to symmetric line-to-ground capacitance. Two parallel signal
lines should be placed far enough apart so that the interline

® gL oy : . =

|_+ _|Phas capacitance is negligible.
- ® — x1 One gradient-compensated stage of the polyphase filter com-
N prising two half circuits now has eight capacitors and eight re-

1

® sistors. Considering the required distance between the parallel
] 3 Poy lines, th ied by wiring b he two hal

A |Phast ines, the area occupied by wiring between the two halves may
® O™ x1 exceed the area &¥'s andC'’s. An alternative, more area-effi-
cient approach is to connect two halves of the polyphase filters
Fig. 24. As an alternative to shorting the mixer outputs pairwise and drivirid{ the input of the first stage, and then at the output of the last

the polyphase filter, the signals are kept separate and shorted at the outpuéiteige. Therefore, the solution shown in Fig. 24 is also area effi-
two identical polyphase filters in parallel. This significantly lowers loading Rient
input source. :

X. LAYouT CONSIDERATIONS Xl. DESIGN EXAMPLE

Careful layout is very important to match the polyphase To verify these concepts, a standalone downconversion pro-
filter elements to the required degree. Physical area defirteype (Fig. 27) with an input frequency of 220 MHz and an IF
the matching among the adjacent resistors and the capacitbend spanning 3.5-20 MHz has been designed. This is an un-
All the R's and C's in one stage are laid out in the sameaisually wide channel bandwidth (16.5 MHz) centered at a low
orientation. Dummy resistors and capacitors covering at ledBt(10 MHz) in a wideband wireless LAN receiver. The target
a 50um distance are placed at the edges of the polyphasgage-rejection is 60 dB across the full IF band (Fig. 8). The
filter (Fig. 25) to shield against lithography edge effectdouble-quadrature architecture lowers sensitivity to quadrature
during fabrication. Good matching for large image rejectioarrors in the RF and LO mixer inputs. To reject the image by
mandates use of physically large resistors and capacitors, whs€hdB, the phase must be accurate to 3%. Quadrature phases
widens the layout of the entire polyphase filter. This bloclre generated in two-stage polyphase filters tuned to 220 MHz.
can now suffer from processing gradients. To overcome line&rsimple noncommon centroid layout with small area compo-
gradients, the polyphase filters are laid out in common centroitgnts would have been appropriate for the polyphase filters be-
which however makes the interconnections complicated afate downconversion, but as no information was available re-
long, with many lines crossing each other. In general, tlgarding on-chip process gradients, a common-centroid layout
interconnect lines are of different length, and cross each otlveais used here as well.
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Fig. 27. Passive prototype of high-image-rejection double-quadrature downconverter2lFLMHz, IF2 = 10 MHz. Interstage amplifiers were inserted in a
second active prototype.

The downconversion mixer FETs of 60/0.fn and the IF
polyphase filtelR's andC's must match to 0.1%. The passive
4-FET mixers are padded with Xdpolysilicon resistors. When
the mixer FETs are hard-switched with very short transition
times, series resistors determine gain matching in the various |
branches. Fast CMOS inverters with small rise and fall time used |
as LO buffers guarantee sharp transitions.

Using the guidelines presented earlier in this paper, a
five-stage stagger-tuned polyphase filter is designed to ob-
tain the desired image rejection across the 10-MHz channel
bandwidth (actually the image is rejected across 3.5-20 MHz
to allow for 25% spreads in resistance and capacitance). Test ..
resistors were first fabricated to measure mismatch statistics,
and it was found that the resistor area must be 2406 to Fig. 28. Microphotograph of active prototype.
match to 0.1%. The capacitors must be at least 0.5 pF to match
to the same accuracy. mine the ultimately achievable image rejection, it contains no

The desired signal is attenuated by 25 dB as it traverses theerstage amplification.
cascade of lossy blocks of the passive RF polyphase filter, theThe final chip micrograph is shown in Fig. 28. Fig. 29 plots
padded passive mixers, and the passive IF polyphase filter. tAs image-rejection measurement results for various samples of
the object of fabricating this standalone prototype is to detghe passive prototype. It is notable that the image rejection is
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Fig. 29. Measured image rejection on twelve test chips, compared with

simulated image rejection with perfectly matched elements. . L . .
gerel P Y image rejection from three samples of the final receiver to be on

average about 60 dB, which is comparable with the performance
of the passive chain. It may be deduced that interstage ampli-

fiers appropriately designed for the required frequency band and
2.07 matching do not degrade the image rejection performance, but
% 27K |ng 240/1 in fact yield very good dynamic range at reasonable power con-
[ Bias | 0.65V fas sumption.
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The operation of passive analog polyphase filters and down-
conversion mixers has been described in easy-to-understand
Fi9630-. 10-MHz interstage amplifier. Topology and FET sizes are chosen flgrms as phasor sequences. The preferred downconversion
0.1% mismatch on two differential paths in polyphase filter. mixer architecture has been identified, and the practical limita-
tions to the image rejection in the combination of the polyphase
very close to the simulated response. The average image refé@r and mixer are explained. The fundamentals are put to test
tion is 58.5 dB. Due to the large loss, this block cannot be usétia 0.6um prototype wideband image-reject mixer, which
as is in a receiver. is able to repeatedly achieve an unprecedented 58-dB image
An active version of the image reject downconverter corejection across a 10-MHz-wide bandwidth centered at an IF of
taining interstage amplifiers was embedded in a full receiver [6]0 MHz. Carefully designed interstage amplifiers are required
Fig. 30 shows the interstage amplifiers, which are inserted afterlimit the cascade loss of the system, yet maintain image
the first stage of the five-stage IF polyphase filter (Fig. 27). Ifgjection.
this way, the total loss in the cascade is divided into two 10-dB
sections, interpolated by the amplifiers. This arrangement gives
the maximum dynamic range. The input to the common-source REFERENCES
(CS) amplifier is biased through the polyphase stages and th? o . .
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