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A High lIP2 Downconversion Mixer
Using Dynamic Matching

Edwin E. Bautista, Babak Bastani, and Joseph H&tkmber, IEEE

Abstract—This paper presents an RF downconversion mixer
with improved rejection to second-order intermodulation for RF
application within a direct-conversion receiver requiring high  Input LNA
blocking performance. The mixer, implementedina 2.7-V 0.35:m
BiCMOS process, achieves a second-order input intercept point of =
at least+72 dBm for a BICMOS design and at least}-66 dBm for
an all-CMOS design. The design utilizes dynamic matching to en-
hance the balance of a fully differential mixer through mitigation
of both component and device mismatches. In addition, dynamic
matching is shown to improve the mixer’'sl/ f noise performance.
For an all-CMOS mixer design, a 30-dB improvement in the
mixer’s noise floor at 1 kHz has been observed compared to con-
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Fig. 1. Direct-conversion receiver architecture.
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ventional fully differential CMOS Gilbert-cell mixer. Additionally, (Baseband)
background is given on second-order intermodulation and on Af
system |IP2 requirements for a direct-conversion receiver. <>
Index Terms—Differential RF mixer, direct-conversion '§ Y
receivers, dynamic matching, intercept point, second-order = \
intermodulation. é" Y
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I. INTRODUCTION A \
A ()()
ITH THE increasing demand for multiband/multimode DC \ Frequency
_ W|rel_ess de_wce_s, there is a need for a cost-efh_ecnve re- Second Order Intermodulation
ceiver solution which circumvents the overhead associated with Distortion Component

atraditional superheterodyne receiver. The direct-conversion re-

ceiver (DCR) shown in Fig. 1 is one possible solution. This aFig- 2. Introduction of undesirable baseband spectral componet due to
chitecture represents a fully integratable receiver solution tFE°nd-order intermoduiltion of two strong interferers.

eliminates the need for both IF and image reject filtering and re-

quires only a single local oscillator (LO) source. Unfortunatel? DCRs. In Section I, the need for increased rejection of
there are some limitations regarding this architecture that ##2 for high-spec DCR applications is discussed. Section IV
fect the reception of the desired signal [1], [2]. These limitdntroduces dynamic matching, covering theory, and implemen-
tions include: l) dynamic dc offsets generated primar”y froﬁ(‘ition. Fina”y, measured results are presented in Section V, and
the self-mixing of RF or LO signals through undesirable leakag@nclusions are made in Section VI.

paths within the RF front-end; 2)/ f noise at the RF front-end

which affects receiver sensitivity for narrow-band systems; and 1l. SECOND-ORDER INTERMODULATION DISTORTION

3) second-order intermodulation which introduces undeswable,:Or the purpose of distortion analysis, the transfer character-

spectral components at baseband which degrades receiver g&ja-of 5 circuit may be expressed by a Taylor series expansion:
sitivity. While issues 1 and 2 have existing solutions which meet

most system requirements [2]-[6], issue 3 remains the most flz()] = Kolz(H)] + K1[z(D)]? + Ka[z(®)P+ ---. (1)
challenging to overcome for systems requiring high blocking
performance. The term K;[x(t)]® represents a second-order nonlinearity,

This paper introduces the use of dynamic matching tehich when exposed to strong signals, generates undesirable
achieve a downconversion mixer with a high second-orddistortion products. For a DCR, where the desired signal of
input intercept point (11P2). Section Il introduces the concejmterest is downconverted from RF to baseband through a single
of second-order intermodulation (IM2) distortion and its effeanodulation process, this source of interference is extremely

deterimental to system performance. Consider the following
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second-order nonlinear circuit behavior, undesirable base- A
band spectral components are generated. These include a dc
component and a baseband spectral component located at a
frequency with which the two strong signals differ in frequency.
Mathematically, this scenario is detailed by the following:

(coswit 4 cos wat)? =14 0.5cos 2w t + 0.5 cos 2wat
+ cos(wy + w2)t + cos(we — w1 ).
(2)

Output Level (dBm)

DC term:1
Baseband Componentos(ws — w1)t w2 — w1 <= Wehan-

These spectral components degrade the reception of the desired
signal. Another signal condition which results in the generation
of undesirable baseband components is the exposure of a single

strong interferer to a second-order nonlinearity. Under this con- Input Level (dBm)
dition, an undesirable baseband beat is created as shown in (3) Second Order
and (4) which directly interfers with the desired signal. lnpu‘tD lnt?rcept
oln
(a(t) cos(wt + (1))

Fig. 3. Second-order input intercept point concept.
= a®(t)/2(1 + cos(2wt + 2¢4(¢))) 3)
==> a’(t)/2 Undesirable baseband beat  (4) s not susceptible to IM2 since the IM2 baseband products are

D di h lonét) of this single st interf greatly attenuated by bandpass filters. Hence, there is a need to
epending on the envelop&?) of this single strong interferer, define such a requirement for DCRs to insure a reliable com-

IM2 will generate specific baseband components affecting tprﬁmication link. With the background given in Section II, it

ﬂ\t/larzformance ofta DCR.dFor abclzor:jstant envelo%e) h': hAC’ can be seen that in order to avoid any susceptibility to IM2
Wil generate an undesirable dc component which can tPglated blocking in a DCR, the system [IP2 should be chosen
addressed by various reported methods of dc offset correct

98n ht t the blocki ificati f th i
[2]-[6]. For a nonconstant envelope(t) = A.(1 + m()) gh enough to meet the blocking specification of the receiver

. : . . . when the blocker has nonconstant envelope modulation. As a
wherem(t) is a function of time for amplitude modulation, the

baseband beat [(4 ted f IM2 will b d result, classical IM2 interference from two interferers is mit-
aseband bea [(4)] generated from Wil b€ COMPOSEd fsteq since their effect on the receiver becomes equal to the
several undesirable spectral components as given by (5).

single interferer [double sideband suppressed carrier (DSBSC)]
a?(t)/2 — 1/2[Ac(1 + m(t))]Q — Ag/2[1 + 2m(t) + mQ(t)]. blocklng performan_ce. - - o

(5) The concept of intermodulation and intercept point is de-
These components include a dc component [(6)], which agdifiéd based on two-tone interference. Two tones spaced by a
can be addressed by known mitigation methods, and other mBRAUency difference o f are equivalent to a DSBSC signal
troublesome baseband spectral components [(7)] for which f@dulated with a sine wave of frequendy /2. The total power

mitigation methods exist. in such a signal is 3 dB more than the power in each tone. Equa-
tions (8)—(11) relate the IMR2, the IIP2, the input power of each
DC ComponentA? /2 (6) interfering tone for the two-tone interferenck (), and the re-
Baseband Componentd?/2[2m(t) + m(t)?].  (7) Sultinginterferencef;,) relative to the receiver'sinput port. Al

powers and intercept points are in dBm and all intermodulation
To protect a DCR from such undesirable spurious responsgasios are in dB [7].
requires a high second-order intermodulation rejection ratio

(IMR2) between the amplitude level of the interferer(s) and IMR2 =P;, — ;4 dB  (By definition) (8)
resulting IM2 component. Typically such figure of merit is IMR2 =1IP2 — P, dB 9)
specified by a 1IP2. This 1IP2 specification represents a ficti- IMR2 — %(HP2 — P, dB (10)

tious input amplitude at which the desired signal becomes equal

in amplitude to the spectral component generated from IM2
(Fig. 3). Thus, a high 1IP2 downconversion mixer is required R?/here
minimize the effect of IM2 within a DCR.

IIP2 = 2P;, — P4 dB (11)

IMR2 second-order IM rejection ratio;

I s R P input power of each interfering tone for the two-tone
. SYSTEM REQUIREMENTS interference:
In many of today’s wireless standards, there are no systemP;, resulting interference generated relative to the input;

level receiver specifications for 1IP2 since most existing sys- [1P2 second-order input intercept point.
tems have receivers based on the conventional superheterodyrighese equations hold true for the signal power regime where
architecture. The superheterodyne architecture, unlike the D@GRe receiver is not in compression and the IM2 interference
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versus input power follows a true 2:1 slope (Fig. 3). Now, ti Input RF SO!{t%U‘
know the actual 1IP2 required for a give), for the standard Switches Mixer witches

two-tone intermodulation measurement, a modified version ' g¢ Baseband

(11) is required: Input — Output
IP2 = 2P;, — Piens + C/I dBm (12)

wherePF;.,; is the sensitivity or reference signal level in dBm, Mitigating LO Mitigating

andC/I is the required (desired signal power)/(on-channel ir Signal Signal

terfering power) ratio (in dB) to maintain the signal quality (e.g.. 9i(0t) do(01)

bit error rate) at the level defined for sensitivit¥;.... ).

For blocking due to asingle DSBSC sinusoidally modulatq'agicll' General RF downconversion mixer topology utilizing dynamic

blocker, which has a total power @,1.., the power in each hing.

tone of the blocker®;,) will be Py, — 3 dB. So the required

[IP2 required to protect against a DSBSC signal with a blocking IV. DYNAMIC MATCHING
power of Pk IS A. Principle of Operation

_ Ideally, a perfectly balanced fully differential mixer should be
IIP2 =2(Pytock — 3 dB) — Pacns immune to IM2 since the resulting products are common-mode.
+ C/1dBm (DSBSC Blocker) (13)  However, due to component and device mismatches, asymmetry

) _ i is introduced into the mixer which gives rise to a finite IM2
To establish how much interference is generated due to secopg

. k sponse. Depending on the application of the mixer, this re-
order intermodulation for other nonconstant-envelope mOdu%‘onse may or may not be acceptable. For systems requiring

tion requires system-level simulations. A new parameter, DIIP, igh block performance, the best reported I1P2-60 dBm [9]

is defined as the difference in 1IP2 needed for a given modulgsing fully differential circuitry alone is inadequate. To resolve

tion compared to the IIP2 required to protect against a DSBS generation of IM2 distortion and thus attain a high level of

b!ocker. As.a result, the IIP2 required _f(_)r protection against|gpo performance, dynamic matching is employed. The concept

given blocking power can now be specified as of dynamic matching has been used for several years to design

precision op-amps known as chopper stabilized op-amps [10]

and to design linear multibit DACs for application withitA

As an example, system simulations are performed ghalog-to-digital converters (ADCs) [11]. Similar to those appli-

7 /4-DQPSK with rolloff factor ofa — 0.5. Relative to a cations, dynamic matching is ut|I|z_ed here to mlt_lga_lte the effects

DSBSC blocker, this modulation requires a DIIP2-e7 dB. of both component and device m|sma_1tches_. W|th|_n the context

This number is for a single interferer. There will be no inf & fully-differential RF downconversion mixer, this enhances
qverall circuit balance. Fig. 4 illustrates the conceptual mixer

terference, other than dc due to IM2, from a single FM q I The time-d int fer functi fthis mixer to th
other constant envelope modulated interferer. There will %%po 0gy. The ime-domauin transter function oTthis mixerto the

interference from two constant envelope interferers when t gseband output from the RF input is given by (17):

IIP2 = 2(Byjock — 3 dB) — Pyeps 4+ C/I + DIIP2 dBm. (14)

absolute value of the difference of the differences of their * *

hi(t) = ¢; t 1) Po(wat 17
carrier frequencies from the desired carrier frequency falls 1) = dilwst)" cos(wrot)"$olwst) (7
within the IF passband of the receiver. whereg; (wyt) andg, (w,t) are strong square wave signals. This

choice of signal type fop;(w,t) and¢;(w,t) facilitates accu-
abs[(frr = f1) = (frr = f2)] <= BWip/2. (15) 4 synchronization of both input and output switches and al-
Assuming the interferer has the same tvoe of modulation as’l \évs the switches to behave more like signal routing switches.
. g ) cyp - Ideally, with ¢;(w,t) in phase with¢,(w,t), their product is
desired on-channel signal, the required system 1IP2 for wide- . . . .
. . equal to unity and the time-domain transfer function reduces to
bandn/4-DQPSK withae = 0.5, Peeps = —104 dBm [noise that of simple ideal mixer [(18)]
figure (NF) ~= 7 dB, BW = 220 kHz], C/I = 10.4 dB, P '

Plock = —25 dBm (79 dB above sensitivity), is hi(t) = cos(wrot). (18)

IIP2 = 2(-25-3) - (-104)+ 1044 (=7.0) = +51.4dBM.  The time-domain transfer function to the baseband output

_ ) (16) from the source of IM2 distortion originating from the RF mixer
If we assume that there is 15 dB net gain to the downconvermgrbiven by

mixer, the [IP2 requirements of the mixer become6.4 dBm.

With added margin, the downconversion mixer requires ha(t) = do(wyt). (19)
+70 dBm IlIP2. Similar analysis and simulation applied to

other types of wireless standards also confirm the need foFeom this perspective, the effect of IM2 is mitigated. Depending
downconversion mixer [IP2 of at leas70 dBm for application on the explicit choice of signal fop; (w,t) and ¢,(wyt), the
within a DCR. This level of IIP2 performance is significantlyiM2 distortion can be: 1) frequency translated out of the signal
higher than what has been reported to date [8], [9]. band of interest by choosing a periodic signal; or 2) frequency
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Fig. 5. Dynamic matching principle applied to an RF downconversion mixer.
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Fig. 6. Mitigation of flicker noise originating from RF downconversion mixer through the use of dynamic matching.

spread within the signal band of interest by choosing a pseu@obCR is baseband centered about dc. During this process, any
random signal. Fig. 5 illustrates the dynamic matching principlendesirable IM2 products generated in the mixer are modulated
wherep(wgt) = ¢;(wet) = ¢o(wet) has been chosen to be peto f. where they can easily be filtered off. Simulations show
riodic. that this method can yield a 20-dB 1IP2 improvement. With a
To reduce the aliasing of undesirable signals into the sigrgdeudorandom signal fgt(w,t), the undesirable IM2 products
band of interest, the frequency ¢fw,t) is chosen to exceed generated by the mixer are spread over a range of frequencies.
the bandwidth of the receiver's preselection filter. The inp@y properly designing the spreading sequence to possess a cer-
switches modulate the band limited input RF signal to frequetain power spectral density, the required mixer IIP2 performance
ciesf, s+ f.. A second modulation, within the main mixer corecan be achieved.
occurs at the LO frequency to translate the signaf,.at+ f, Now an additional benefit of dynamic matching is the
to f.; £ f, £ fro. The output switches, synchronously comreduction of1/f noise [12]. For a narrow-band DCR, this
mutating with input switches, then demodulate the signal sburce of close-in noise degrades the noise performance of
fry = fo % fro to the desired frequency ¢f ; + fr.o which for  the downconversion mixer and hence the system NF. Through
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Fig. 7. (a) BICMOS dynamically matched RF downconversion mixer. (b) All-CMOS dynamically matched RF downconversion mixer.

the use of dynamic matching, the flicker noise can also lmeonics of it. The mixer alone provides 40 dB of rejection to
frequency translated and subsequently filtered out or it can tese spurs. This limitation is due to limited on-chip matching
spread over a range of frequencies depending on whether ane the synchronization of the input and output switches. To
chooses a periodic or pseudorandom signakfes,¢). Fig. 6 obtain additional attenuation of these spurs requires careful se-
details the mitigation of this noise source using a periodiection of the frequency of(w,t). Specifically, choosing the
signal for ¢p(wyt) = ¢ilwet) = ¢o(wyt). By improving the frequency ofé(w,t) to be greater than the bandwidth of the
mixer's NF, less takeover gain is required from the low noigereselection filter will provide additional attenuation as deter-
amplifier (LNA) which correspondingly relaxes the mixer'smined by the roll-off of the preselection filter. Hence, from a
intermodulation performance requirement. Dynamic matchimgceiver system point-of-view, the frequencyygi.,¢) and the
is especially useful in an all-CMOS downconversion mixeggreselection filter bandwidth can be chosen accordingly to meet
where the contribution ofl/f noise is high. Note that to requirements placed on the spurious response of the receiver.
prevent the aliasing of wideband thermal noise coming into the
dynamically matched mixer, the frequency @fw,t) should B. Circuit Implementation
be chosen to be at least twice the bandwidth of preselectiorrig. 7(a) and (b) illustrates the circuit details of the dynam-
filter. With this choice of frequency, a measured degradation jgally matched downconversion mixers. The downconversion
mixer’s NF is only about 0.5 to 1 dB. mixers consist of input switches M1-M4, the main mixer core
Concerns regarding this method of IM2 mitigation are undegomposed of an input amplifier stage and a Gilbert cell, and
sirable spurious responses at the frequenay(ef,t) and har- output switches M5-M8. The input stage of the mixer is im-
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Fig. 9. Measured IIP2 performance of BICMOS mixer design. IP2 versus
Fig. 8. Experimental test setup. frequency location of two interferers relative to LO of 815 MHz.

plemented using a wide-band common-base or common-ga

amplifier topology to provide low impedance at RF while gs|—Dynamically Matched Mixe
achieving a high third-order intercept point (11IP3) with low E 75

current drain. This choice, however, is made at the expense °/

lower power gain. Added linearization of this stage has als& \/“’—"'\"\g

been achieved through the input switches which provide

finite amount of emitter or source degeneration. The input an ~ _Standard GilbertMixer — 55

output switches have been chosen to be n and p MOSFET \—Mf

respectively, due to the inherent dc operating voltage of th 10 -8 - -4 -2 2 4 6 8 10
mixer. To attain maximum IIP2 performance, synchronizatior Relative Frequency (MHz)

between input and output switches is required. As such, the
aspect ratio (W/L) of both nMOS and pMOS devices have be%
sized accordingly to attain equal time constaftgy Cioad-

In addition, these switches are gated as fast as possible and to it lication to the mixer's RE port. The LO sianal
the layout of each clock signal path is equalized. Because %réor 0 IS appiication 1o the mixer's port. “he signa,

switches are used in a differential mixer topology, the effects pm atszgaraggﬁ&gni! glje_neraltor,. |stal§; ° bar;Qp?ss I”t?hre?_ gnd
clock feedthrough and channel charge injection is minimizeg " eredto aditierential signal priorto its application to the

since their contribution becomes common-mode. To minimiZ&" S of the mixer. The LO signal is fed at twice the frequency of
the RF signal and its frequency is divided by two through the use

the impact of mismatches in clock duty cycle for the cas - : L
whereg(wst) is chosen to be a periodic signal, a clock sign _fan emitter coupled logic (ECL) divide-by-two master—slave

at twice the frequency of(wyt) is divided by two through |p-_flo_p. Thtlr? |mprovet§ the fmd|xer’s !_Odto I;F |tsolat|on which
a master—slave flip-flop to obtain 50% duty cycle. Finall)},mlr:]!m'zges he ge?ﬁra lon o ygalrlr;; cfothse S:CMOS .
the entire mixer has been laid out in a symmetrical fashion jp. . 9 Shows the measure of the bl mixer

order to get the best device and component matching for Il g. 7(a)]. Thex-axis represents the dlffe_rence in frequency
performance. between the LO and two interferers which should generate

From a noise performance point of view, the Gilbert cell [det—he bas_eband IMZ produ_ct. With a periodic signal of 75 MHz,
vices M9-M12 of Fig. 7(b)] within the main mixer core is thedynamlc ".‘at_Ch'”g proyldes at least72-dBm 11P2 perfor-
dominant source of noise which is primarily f. The input and mance. This ISa 12'(.:“3 Improvement over a standard BICMOS
output switches are driven by strong square wave signals sé% ert-cell mixer. Fig. 10 shows the measured 1IP2 of the

T A -CMOS mi f Fig. 7(b). O in, with iodi
that their noise contribution is primarily thermal (duefg ). signal of 7?');;};: dylgami(c)matrc]:(r:]ien;gaat[cr;in\gl anaug;ngf I;t

least+66 dBm. This represents an 11-dB improvement over a
standard all-CMOS Gilbert-cell mixer. At some frequencies,
The BICMOS and all-CMOS mixers of Fig. 7 were implethe [IP2 was measured to be as highta0 dBm, which is an

mented to operate at 2.7 V in a 0.351 BICMOS process. Each outstanding performance for an all-CMOS mixer.

mixer was measured separately by using the experimental testisual observation through a spectrum analyzer has shown
setup of Fig. 8. Two signal generators are combined togetitBmamic matching effective in minimizing the impact bf f
through the use of RF attenuators and a 3-dB combiner to gawise. For an all-CMOS mixer, the improvement of the noise
erate the two-tone interference. The combined signal is thiémor was observed to be 30 dB at 1 kHz compared to that of
bandpass filtered to eliminate any harmonics of the tones as waeitandard all-CMOS Gilbert-cell mixer [Fig. 11(a)]. Fig. 11(b)
as any intermodulation distortion terms that may have originat#ldistrates a similar plot but in a much wider scale. From this
from the signal generators. This signal is then fed to a trarerspective, the effect of a single pole filter at 20 kHz on the pre-
former to convert the single-ended signal to a differential signdbminant thermal noise of the dynamically matched mixer and

.10. Measured IIP2 performance of all-CMOS mixer design. [IP2 versus
guency location of two interferers relative to LO of 815 MHz.

V. MEASURED RESULTS
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TABLE |
k R MEASURED BiCMOS DYNAMICALLY MATCHED MIXER PERFORMANCE
i b R Siemdard eilfert Oell Mixer SUMMARY
Devired Texd Tone 2
Parameters Values
P2 > +72dBm
11P3 +4.9dBm
NF 11.0dB
Conversion Gain 19.0dB
Supply 29V
Current Dissipation 2.25mA
DC Offset Improvement >20dB
Frequency of Periodic Dynamic  75MHz
Matching Signal
Mlcar Measured LO Signal at RF Port  -92dBm
RF/LO Frequency 815MHz
e TABLE I
o5, MEASUREDALL-CMOS DyYNAMICALLY MATCHED MIXER PERFORMANCE
iy Matcived Miver SUMMARY
VI 350 He 1 Parameters Values
(b) 11P2 > +66dBm
Fig. 11. (a) Close-in noise performance of al-CMOS mixer designs. (b) 11p3 +24dBm
Far-out noise performance of all-CMOS mixer designs. NF 12.0dB
Conversion Gain 14.5dB
Supply 27V
Current Dissipation 4.0mA
DC Offset Improvement >20dB

Frequency of Periodic Dynamic ~ 75MHz
Matching Signal

Measured LO Signal at RF Port  -92dBm

RF/LO Frequency 815MHz

VI. CONCLUSION

This paper presented an RF downconversion mixer which
demonstrated a significant improvement in 11P2 performance.
Through the application of dynamic matching, mismatches in
both components and devices within a fully differential mixer
have been effectively mitigated from disrupting overall circuit
balance. Additionally, the use of dynamic matching has im-
Fig. 12. Die micrograph. proved the mixer’'s close-in noise performance by greatly re-
ducing the contribution of flicker ot/ f noise.

on thel/f noise of the standard all-CMOS Gilbert-cell mixer
can be observed. Fig. 12 shows the die micrograph.

Tables | and Il summarize the performances attained in a
BiCMOS and an all-CMOS dynamically matched downconver- The authors thank R. Zele, E. Lorenzo-Luaces, and N. Khlat
sion mixer. for valuable discussions, P. Crandall for his contribution in the
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