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An SI-SiGe BICMOS Direct-Conversion Mixer With
Second-Order and Third-Order Nonlinearity
Cancellation for WCDMA Applications

Liwei Sheng and Lawrence E. Larson, Fellow, IEEE

Abstract—This paper presents a general analysis of the third-
order nonlinearity of a differential common-emitter RF amplifier
and an improved techniqueto cancel the third-order nonlinearity.
A thorough analysis of themechanismsleadingtothe second-or der
nonlinearity of bipolar double-balanced active mixersisalso pre-
sented. An SiGe BICMOS WCDMA direct-conversion mixer is
designed based on the third- and the second-order cancellation
schemes. The mixer achieves +6-dBm third-order input intercept
point, +49-dBm second-order input intercept point, 16-dB gain
and 7.2-dB double-sideband noise figurewith only 2.2-mA current
at 2.1 GHz.

Index Terms—Active mixer, BICMOS, direct conversion, mis-
match, nonlinearity cancellation, radioreceivers, second-order dis-
tortion, second-order input intercept point (11P2), S—SiGe analog
integrated circuit (IC), third-order distortion, third-order inputin-
tercept point (11P3), WCDMA.

|I. INTRODUCTION

OW-POWER, high-performance, and low-cost integrated

RF circuits are aiding the rapid growth of mobile wireless
communications. The bipolar common-emitter (CE) and dif-
ferential-pair stages are commonly used in many RF building
blocks such as low-noise amplifiers (LNAS) and mixers. Fig. 1
is the block diagram of a direct-conversion receiver. For a di-
rect-conversion WCDMA system, the linearity requirements
of the mixer are greater than 0-dBm IIP5 and 35-dBm IIP,
if the LNA preceding the mixer has a gain of approximately
16 dB and a surface acoustic wave (SAW) filter is placed
in between the LNA and mixer [1]. The inherent linearity
of a CE circuit does not satisfy these requirements unless
the dc power dissipation is very high. Inductive or resistive
degeneration is usually applied to improve the linearity of
these circuits, though it sacrifices the gain or raises dc cur-
rent [2]. Another way to improve the linearity is to utilize the
second-order nonlinearity to cancel the third-order nonlinearity
[3]. This method achieves high linearity at lower bias current,
but requires a complicated nonlinear analysis. Recently, sev-
eral authors [3]-[5] analyzed the problem and showed that up
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to 14-dB linearity improvement can be achieved with proper
choice of source harmonic termination.

In Section I, wedirectly compute the nonlinear response of a
differential CE circuit. The direct nonlinear response is solved,
then arelatively straightforward expression for third-order non-
linearity cancellation is given.

The use of direct-conversion techniques is a promising ap-
proach for highly integrated wireless receivers due to their
potential for low-power fully monolithic operation and ex-
tremely broad bandwidth [6]. Their potential for broad-band
operation is especially important for future wireless commu-
nication applications, where a combination of digital cellular,
global positioning system (GPS), and wireless local area net-
work (WLAN) applications are required in a single portable
device. However, it also exhibits some disadvantages com-
pared to a heterodyne receiver [7]. One limiting factor is the
envelope distortion due to even-order nonlinearities. If a di-
rect-conversion receiver architecture is used, a second-order
input intercept point (11P2) performance as high as 70 dBm is
required in many RF systems [8]. Severa recent papers have
focused on the cancellation of the even harmonic distortion in
direct conversion receivers [8]-{12]. In [8], even-order distor-
tion is modulated to the chopping frequency through dynamic
matching without trimming the mismatching devices. It pro-
vides an [1P2 improvement of approximately 16 dB with arisk
of undesirable spurious response. The behavioral models of
even-order distortion for single- and double-balanced mixers
are given in [10]. Although a simplified switching model was
used for the single-balanced mixer model, the 11P2 perfor-
mance improvement of approximately 25 dB was achieved for
the single-balanced mixer [10]{12]. In the double-balanced
behavioral model, an “equal gate” function was assumed for
two pairs of switching transistors [10]. If the two pairs of
switching transistors are mismatched, the “gate” functions are
not equal. Thus, the capability for even-order distortion can-
cellation by tuning the load resistance in a double-balanced
mixer is impaired. A more detailed analysis is required to ac-
count for the effects of mismatches on switching transistors
on the double-balanced mixer. In Section |11, an even-order
distortion model with consideration of the 3 mismatch, the
saturation current mismatch, and the bias voltage mismatch of
the double-balanced mixer is provided and an even-order dis-
tortion cancellation technique is given.
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Fig. 1. Simplified block diagram of a direct-conversion WCDMA receiver.

Vee

Vce

Fig. 2. Large-signa model of a CE differential pair.

1. ODD-ORDER NONLINEARITY ANALYSIS OF
A DIFFERENTIAL CE CIRCUIT

Fig. 2 shows the model used for analysis on the nonlinearity
of the differential CE circuit. Z, is the impedance at the bases
of the transistors, which includes the impedance of the bias
network, base resistance, source impedance, and impedance
of the matching network. Z, is the impedance at the collector
of the transistor, which includes the impedance of the col-
lector—substrate capacitance C,, the collector resistance 7.,
and the load impedance. Z.4 includes the extrinsic emitter
resistance . and outside emitter termination impedance Zg.
Z../2 isthe impedance from ground to the connecting point of
the two emitters.

To simplify the analysis, the following assumptions were
made, similar to that in [3]. The collector current isonly afunc-
tion of the base—emitter voltage. The Early effect is ignored
because the transistor output resistance is much larger than the
output load for RF applications. For mixers, the output load
is the impedance of the emitters of the upper switching pairs,
which is close to the input impedance of a common-base cir-
cuit. The base-emitter junction capacitance C;. is considered
as a linear component because its nonlinearity is small com-
pared to the base—emitter diffusion capacitance Cpg. The base
resistance 7, extrinsic emitter resistance r., base—collector
capacitance C,,, collector—substrate capacitance Ccg, forward
transit time 7, and the low-frequency current gain 3 are al
constant because their nonlinearities are small compared to the
nonlinearity of the g,,.

The nonlinear components are collector current .., base cur-
rent 4, and base—emitter diffusion capacitance current ic, ..
They are al functions of base—emitter voltage v, i.€.,

ic = gmUbe + ngU%e + grn3vge (1a)
%
P 1b
W= (1b)
. d .
lope =Tl (1c)

where 9m = cO/Vtr gm2 = IcO/ZVtQ' 9m3 = IcO/GVtgi IcO is
the dc collector current, 3 isthedc current gain, 7 istheforward
base—emitter transit time, and V; = kT'/q.

The first-order response is given by

Vout:1 = Ha(s)V; 2
where
Vo=V -vS
Zc{Ous[l + (g + C5) Zed] — gm}
Hy(s) =

Ld(S)
C7T = Cje + 79m

Ze(l =Te + ZE
Z
Ld(S) =1+ 9m <Zed + T;) + CT;S(Z() + Zed)

+ CMS (Zb + Z.+ (gm + Cﬂ—S)Ad)
and

Ng= ZegZyy + ZyLip + Zeg Z,.

Thethird-order currents are generated in two ways: through the
third-order transistor transconductance g,,,s and the interaction
of first-order response and the second-order response through
second-order transconductance g,,,2. Solving the third-order so-
[ution through the use of a Volterra series [13], we have

ZOIAY

Vouts = gm3 - Ga(s)3 {Kd(S)VS | Fa(s)2 < 5

3)
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where
1
f =1
1 Zy 1
X 1_29771Ze,_297n/_3 +(Cje—279m)3(zb+ze)
+CH3[(Zb+Zc)(1_2grnZé)
+Ac(0je _2gn17)3_2ganch:| }
—Z.
Ga(s) = T(s) [1+Crs(Zy+ Zea) +CrusZy]
1+C,s2.
Kd(s) = Ldébs)

Zé, = Zed +Zec

Z
L.(s)21+gnm <Z;+/—;>+Cﬁs(Zb+Z;)

+C;LS (Zb +Zc+(grn+c7rs)Ac)
and
A= Zoy+Zy 2+ 2, Z..

Ky(s) = vpe /v isthe transfer function from the input voltage
v/, to base—emitter voltage vpe. Fu(s) = 6V3i3/(1.03,) isthe
transfer function from w,. to the third-order collector current
1.3; the subscript of F4(s)s in (3) impliesthat the operationsare
performed on the second-order current. G(s) = wv.3/i.3 isthe
transfer function from the collector current to the output voltage;
the subscript of G4(s)3 in (3) impliesthat the operationsare per-
formed on the third-order current. For a two-tone input signal,
Vi, = v1 + w9, v1 = Ajcos(wit), and va = Ascos(wat), only
second-order terms whose frequencies are |wz — w1| and 2w»
can generate intermodul ation at frequency 2w, — wy . Collecting
al the intermodulation terms at frequency 2ws — w1, we have

__third-order output

~ first-order output

_ e A2 |Ga (§(2w2 — w1)) Ka(jw2)? Ka(jwi)]
96V;* [ Ha(jewr)|
2Fy (j(we — w1)) + Fa(2jw2)] - @)

3

A lower third-order intermodul ation (IM3 ) isachieved when the
last portion of (4) is minimized, while the first order is kept the
same. By careful selection of Z,, Z!, and Z., it is possible to
make the last termin (4), i.e., |26 (j(wa — w1)) + Fa(52ws)],
closeto zero. However, the last terms are functions of (ws — w; )
and w-, and it is difficult to find a general solution for termi-
nation impedance to cancel the third-order nonlinearity. An-
other approach is to find the termination impedance such that
|Fa(§(we — w1))| and | Fy(2jw, )| are separately close to zero.
Such termination impedances are selected as

Zy(j2w2) =

0
Zp(jAW) =20

®)
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Fig. 3. Simplified model of bipolar double-balanced mixer.

where Aw = |wy — w1 . Substituting these valueinto Fy(s), we
obtain

Aw|Cje — 27 g

Fa(jA
[Fafi )] 2= S5

()

1
g_w2[Cje - 27—9771[
i) =g ©

2 Im

For example, when I, = 2.5 mA, with the setup and pa
rameters used in [14], |Fu(jAw)] = 0.7 and |Fy(2jw2)| =
0.37 without the third-order cancellation termination, but
|[Fu(jAw)| = 0.007 and |Fy(2jw2)] = 0.07 with the third-
order cancellation termination. It is clear that both | Fy;(jAw)|
and | F4(2jw-)| can be decreased dramatically by thethird-order
termination cancellation.

I1l. EVEN-ORDER DISTORTION ANALYSIS OF THE
DoUBLE-BALANCED MIXER

Fig. 3 shows a simplified model for the double-balanced
bipolar mixer. Assuming the circuit input is symmetric, the
output current of the transconductance (5 — (Qg) Stage can
be presented as the voltage-controlled current source. The I-V
relation can be presented by

Is=Irs + Vi + ’YQVS+2 + 73VS+3
I.¢ =Ir¢+7mV, + ’VQVS_Q + ’Y3Vs_3

(78)
(7b)

where I and I1g are the dc-bias currents of 25 and g, re-
spectively. Generadly, +1, 2, and 3 are not constant; they are
functions of the frequencies of the input signals. Following the
same nonlinear analysis as in Section 11 on the differential CE
transconductance stage, the coefficients -1, 2, and 3 are de-
rived as

C,s m 071—3 Ze — 9m
L O [1+ (g I::(S) )Zed) — g (8a)
Y2 =Ggm2 < [1 i OﬂS(ZIjL—’_(SZ)e) + CHSZI}] ) K(%(S) (8b)
c 2

w=an () {KutorBenii@]}). e
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The output currents contain even-order distortion terms; the
most significant part is the second-order terms. The second-
order currents of transistors @5 and Q¢ are

Ies 2 =72 (VS+)2
l62 =726 (VS_)Q .

In an ideal double-balanced mixer, the second-order distor-
tioncurrentsi.;_» and I¢_» areequal and they are modulated by
symmetric switching transistors (1 — J4). Since the second-
order currents are divided equally in the switching transistors,
there is no second-order voltage at the output. If the second-
order currents are not equal or there are mismatches between
switching transistors and between output resistors, the second-
order currents will reach the output port. Based on a detailed
analysis in the Appendix, the low-frequency second-order dis-
tortion output is

(92)
(9b)

v
Vout, = 150 Rhpssech? [ —2 ) + AaioR + AR
2Vr

v
+le62 <R/€3486Ch2 <ﬁ> + Aagy R+ AR)

(10)

where

I
AViys + Voln <“2 1)

als
P12 = 2V
AVp12 =Vp1 — Vpa
] — &
Ay = 4 . 2
pofit i
2

AR = @

I and I, are saturation currents of transistors (; and -, and
a1 and « are the common base current gains of transistors ¢4
and Q2. AVpay, kaq, and Acwzy are defined similarly.

Sincethelocal oscillator (LO) signal isaperiodic signal given
by

VLO = ALO COS(wLot) (11)

the mismatch transfer function term seChQ(VLo /2Vr) can be
expanded as

v
sech? <ﬁ> = Bo(ArLo)H+DB2(Aro) -cos(2wrotHBa(Aro)

-cos(dwr.ot)+Bs(Aro) - cos(bwrot) - -.
(12)

The Fourier coefficients of the mismatch transfer function
sechQ(VLo/2VT) are show in Fig. 4 and they are functions of
the LO amplitude Ar,o. Inthese coefficients, By isthe most im-
portant because it makes the low-frequency envelope distortion
of the input signal appear at the output port. The B2(Aro) -
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Fig. 4. Fourier-transform coefficients of the mismatch transfer function
sech?(Vi,6/2Vr). By isthe primary component affecting I1P».

cos(2wr,0t) term transfers the second-order signa at frequency
(w1 +wo) tofrequency |w; +ws — 2wro|, whichismostly out of
the baseband and is, therefore, negligible. Substituting (12) into
(10) and neglecting the insignificant terms, the second-order
output is

Vout, = Les_2(R k12Bo + Aaia R+ AR)

+Ic(;_2(R k34B0 =+ ACY34R =+ AR) (13)

Since By isafunction of the LO amplitude, the second-order
nonlinearity is aso afunction of the LO amplitude, which was
observed previoudly in [10]. As aresult, a stable amplitude of
theLO signal isrequired for excellent second-order nonlinearity
cancellation. Since the mismatches between transistors 25 and
Qs, the mismatches between termination impedances of each
transistor and the mismatches between inputs V. and V=~ can
mismatch the second-order currents 1.5 » and I.¢_2, and since
k12 isgenerally not equal to k34, tuning R; and R, alone cannot
cancel the second-order distortion effectively. Instead of tuning
the output resistor R; and Rs, the mismatch factor k12 and k34
can be tuned separately by tuning the dc-bias voltages of the
mixer. From (13), if

R klgBO + ACY;[QR + AR =0
R k34Bo + Aass R+ AR =0

(14a)
(14b)
then the second-order nonlinearity terms due to mismatches of

the mixer are cancelled. Solving (14) to eliminate second-order
distortion, we have

1 AR 1 042151
AVgia = —2Vr | — | A — -1
B12 T<BO < a2 + R >+2n a1.752>

1 AR 1 I

Asaresult, by separately tuning the bias of the double-balanced
mixer, the envel ope distortion caused by even-order nonlinearity
and mismatches can be drastically reduced. The other benefit
fromthisschemeisthat itismuch easier to tunethe biasvoltages
than to tune the resistors on an integrated circuit (IC).
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IV. Low THIRD-ORDER DISTORTION DOUBLE-BALANCED
MIXER DESIGN

The termination condition in (5) suggests that only the
second-order currents need to be terminated at the input and 7/
needs to be real at the second harmonic of theinput signals. By
connecting two emitters of the differential pair and letting R, =
1/gm — 2 r., the emitter impedance reguirement for third-order
cancellation can be easily satisfied. The resistor is only added
for common-mode operation so the noise is not increased
for the differential circuit, as was pointed out in [5]. Fig. 5
shows a simplified down-conversion mixer. The second-order
base termination at frequency 2w is achieved through series
resonance components L. and C.. The base termination at
frequency Aw was achieved with the feedback circuit of Fig. 6.
The impedance of the bias circuit at dc and RF frequency are

R3 RQ < ngnn )
Zinlde) = — + 1+ 164
( C) /32 Im, 7ol /31 ( )
Zin(w) =R/ /R, (16b)

If L.and C,. areideal, they do not add noisetothecircuit; they
only change the optimum source impedance matching. How-
ever, the real inductor does add some noise to the circuit due to
itsfinite seriesresistance. We will analyze the effect of the base
termination impedance at 2w with the classic two-port model.
The noise mode! is shown in Fig. 7. The noise i, generated
by the series resistance of L. is uncorrelated with other noise
sources as follows:

i2 = AkTAfR,. |Y)] (17)

where I;.. isthe seriesresistance of theinductor L, and Y, isthe
admittance of the second-order termination. The noise factor of
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the system without second-order harmonic termination is given
by the well-known expression [15]

5o Bt i+ (Yot Yoen|’

i

Gu+ [(Ge + Go)* + (B + B,)?| R,

=1+ (18)

where

e =Yeen
en
" T ARTAf
i
“ T AKTAS
* T AKTAS
Y.=G.+jB.
Y, =G; +7B;s

The conductance of the second harmonic termination increases
thecurrent noi seat theinput, andit changestheoverall impedance
seen by the two-port network. The total effective conductance
of the second harmonic termination and the input sourceis

Y=Y, +Y, (19)

Thus, the noise factor of the system with second harmonic ter-
mination is

2+ 2 i+ (Ve + Yenl

F/
E
G , G.+G )Y +(B,+B)| R,
Gs Gs
(20)
where
G, = L?’ o~ !
AETAS ~ 9QLowrs
_ 1
“t =V AL,
_ wrch
Q B Rlc
Y, =G, +jB,. (21)

Comparing (18) and (20), the difference is the extra noise term
G, aswell as G%, and B!, arein the equation instead of G, and
B, due to the second harmonic termination. It is well known
that when G, is

G,
Gopt = R +G? (229)
and
B, = — B. (22b)
the noise factor has a minimum value
Enin =1 + 2R‘n(c;(opt + Gc) (23)
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Fig. 7. Equivalent two-port noise model of mixer showing the effect of 2w termination.
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Fig. 8. Proposed even-order distortion cancellation scheme of the double-balanced mixer.

Due to the second harmonic termination, the optimum G, is

changed to
G, + G,
opt — Tn

With the second harmonic termination, the minimum noise
factor is

+(Ge+Gp)? (243)

and

1lnin =1+ ZRTL (Glopt + GC + GP) y (25)

The minimum noise factor increases by
AF = Flyy = Fain = 2R (Gl — Gopi + Gy ). (26)

min

From (21), if GG, is selected to be much smaller than G, and
.., the increase of the minimum noise factor is small. For ex-
ample, if @ = 10, L, = 6 nH, and w,y = 2.15 GHz, G, is
equivalent to the conductance of a 7.3-k€2 resistor. This resis-
tance is usualy much larger than the optimum noise matching
impedance of a well-designhed CE stage. As a result, the noise
increase is negligible.

V. EVEN-ORDER DISTORTION CANCELLATION SCHEME OF THE
DOUBLE-BALANCED MIXER

In order to cancel the second-order distortion, amismatch de-
tection and cancellation scheme is proposed. Fig. 8 is a block
diagram for the second-order distortion cancellation scheme. A

pair of pseudorandom (PN) currents are injected at two pairs
of the emitters of the switching transistors, and they are repre-
sented by
Irml = IaCrml
Irm? = Ia,Cer

(2739)
(27b)

where [, is the current amplitude of the PN currents, C,.,1
and C.,,» are two uncorrelated PN sequences. Due to the mis-
matches of the double-balanced mixer, the PN signals appear at
the output of the mixer. Assuming the high-frequency signals at
double LO frequency are filtered out, the low-frequency output
part containing the PN signalsis
‘/out_rm = Irml (R leBO + AalQR + AR)

+1Lim2 (R k3 Bo 4+ Aass R+ AR).  (28)

At the output of the mixer, the output voltage is correlated with
the PN codes C;,;; and Cypp2. Assuming the PN sequences are
uncorrelated with the desired signal and noise, the mismatch
error voltages at the output are

‘/61 - Ia(R klgBo + AOClQR + AR)
Ve = Ia(R k3sBo + Aazs R+ AR)

(29a)
(29b)
The mismatch error voltages are processed by following loop
filter H(s), the output voltage are then used to tune the LO dc-
bias voltage. In the s domain, the outputs of the loop filters are

AVBlg(S) = ‘/61(8) . H(S) (30&)

AV334(8) = V;Q(S) . H(S) (30b)
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Fig. 9. Simulated closed-loop second-order nonlinearity cancellation result.

Substituting k12, k34, and (29) into (30), the dc-bias voltage are
solved to be

AVBlg(S)
I, RByln “2?1
% + I, AaR + I,AR
- LR BoH( ) H(s) (313
2y
AVps4(s)
I, RByln “4?3
% + I,AassR+ I,AR
- LR BoH( ) H(s). (31b)
2y

By choosing asimpleloop filter asan integrator H(s) = —1/s,
the dc-bias voltage are found to be exactly the solution de-
scribed in (15). Fig. 9 is a simulation result of the closed-loop
second-order nonlinearity cancellation. In this simulation, a
relatively large low-frequency current at frequency 650 Hz
is injected from the switching transistor input to simulate the
second-order distortion of a strong interfering signal, two inde-
pendent random binary signals with date rate of 300 bit/s are
injected along with the interfering signal, the desired output is
at frequency 500 Hz. Theinitial AVgi2 and AVg34 are5mV,
switching transistor mismatch is set to 5%, AR/R is 1% and
A« is 3%. After the initial response of the close loop settled,
the final AVpyo and AVps, are changed to —22 mV. The
second-order interferenceis decreased by 60 dB and the desired
signal is not changed; thus, IIP, isincreased by 60 dB in this
simulated case. The random signals injected at the emitter of
the switching transistors add noise to the desired signal, but this
noise is cancelled along with the interference signal and add
little noise when the loop settles.

V1. MEASUREMENT RESULTS

The mixer was fabricated in IBM’s SIGESAM process with
transistor peak fr = 45 GHz. The microphotograph of the
mixer is shown in Fig. 10. The mixer has been characterized
at 2.1 GHz.
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Fig. 10.

Microphotograph of the SSGe HBT WCDMA mixer.
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Fig. 11. Measured third-order intermodulation characteristics. 4. = 2.2 mA
for third-order cancellation circuit and 3 mA for multitanh circuit.
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The output power as well as the third-order intermodulation
are plotted in Fig. 11. The mixer is operated from a 2.7-V dc
supply and consumes approximately 2.2-mA current. The mixer
with the third-order nonlinearity cancellation is compared with
a mixer with a multitanh input stage, which is similar to the
input stage used in [17]. Both circuits are fabricated on the
same wafer, the difference between the two mixers are the input
stages. The multitanh circuit is not terminated with the second-
order harmonic termination, and the bias currents are set with
current sources. The mixer with a multitanh input stage is also
operated from 2.7-V dc supply, but it is biased at 3-mA dc cur-
rent. The mixer with the third-order nonlinearity cancellation
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TABLE |
COMPARISON WITH OTHER RECENT MIXERS

Ref. Frp Gain NF (dB) 11P3 Piss Process FOM

(GHz) (dB) (dBm) (mW) (dB)

This 2.15 15.8 7.2 6.0 5.9 0.5u8iGe BiC- | 22.2
work MOS

[19] 0.88 84 7.6 SSB 8.0 12.0 0.5u8iGe BiC- | 23.4
MOS

[201 2.0 15.0 8.5 -1.5 9.1 0.35um  BIC- 11.6
MOS

21} 1.9 6.1 10.9 2.3 475 0.8um SIBJT 18.0

SSB
(181 2.0 242 32 -1.5 21.6 0.35um 14.8
CMOS

has superior performance; it has higher gain with lower power
consumption. The linearity of the mixer with the third-order
nonlinearity cancellation is also approximately 10 dB better.

Fig. 12 isaplot of nonlinearity characteristic versus dec-bias
current of the mixer at an input power of —22 dBm and an LO
power of 0 dBm. Table | is a summary of the mixer, as well as
a comparison with other recent mixers. The figure-of-merit is
defined in [18] as

(F'—1)-Vaa - Igc (32)

FOM = 10log < MP3(mw) ) .

Theresultsgenerally exceed the performance of the other pre-
viously reported results. The mixer in [19] has similar perfor-
mance, but is operated at 880 MHz.

The mixer is aso measured for the second-order nonlinearity
performance. Themixer biasisset by theresistor network onthe
I C, but they can betuned with avariableresistor fromtheoutside.
Themixer hasan I1P, of 19 dBm without the tuning of the bias;
itsIIP, increased to 49 dBm when the biastuning circuit is con-
nected. Asaresult, the ITP, of themixer isimproved by approxi-

mately 30 dB by the second-order cancellation technique.

VII.

The general nonlinear responses of the CE differential-pair
circuit have been developed to determine the conditions for
cancellation of third-order nonlinearities; the second-order
nonlinear response of the bipolar double-balanced mixer is
also analyzed to determine the conditions for cancellation of
the envelope distortion. A WCDMA down-conversion mixer
has been designed using these techniques. The designed mixer
exhibits state-of-the-art linearity at very low dc power without
excessive penalty on noise figure.

CONCLUSION

APPENDIX
DERIVATION OF THE MISMATCH EFFECTS ON SECOND-ORDER
DISTORTION OF THE DOUBLE-BALANCED BIPOLAR MIXER

Asshown in Fig. 3, the emitter currents of transistor ); and
Q> are

I, Yt VTZ‘O —Vas
ly=Cre SR (333)
I, Vb2— Lo —V.s
Lo =" B (330)
Ic() =dey + IeQ (33C)

where Vg; and Vg, are the dc-bias voltages of transistors Q¢
and Q2

N
Bi+1
Qo = /32 .
Ba+1

Solving (33), the emitter current difference between transistor
Q1 and Q2 is

Alyp =1 —1eo
mismatch effects

ideal ..\
—~ VBl_VB2+VT1n<a2 ﬂ)
=~ . tanh LO Qylgo
5 tan —2VT+

2Vr

(34)

Considering the 3 mismatch of @; and (J», the output cur-
rents are

AIcl? :Icl - Ic?

=agder — aoleo

=ayo(ley — Le2) + Acgales (353)
Lo =11+ 12
=Aai2(ler — Ie2) + 1213 (35b)
where
gy = o1 + a2
2
oy — Q2
A = 5

Substituting (34) into (35), the output current is

v
Algy = Is | apgtanh | =2 + ks | + Aayy (36)
2Vr

where

I
AVBlg + VThl <062 1)

plgo

k =
12 2V

k1o isthe mismatch factor of transistor ¢; and @@»; itisafunc-
tion of the dc-bias voltage mismatch AVgis = Vg — Vpa,
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the transistor saturation current mismatch I /1,2, and the tran-
sistor 4 mismatch cvy /cve. Assuming ki2 is small compared to

VLo/2Vr, (36) can be expanded as

ideal

e

” ~
AIclg = Ic;)Oélg tanh <ﬁ)

mismatch effects

+ 13 <kmsech2 <@> + Aocn) - (37

2Vr

The driving LO signal on Q3 and Q4 has an opposite sign with
the LO signa on 21 and > so the output current Al z4 iS

VLo
Al = —1, tanh [ —=
-34 -6(¥34 tall <2VT>

+1.6 </€34S€Ch2 <@> + AO&34> . (38)

2Vr

The output voltage is

Vour =Ri(ler + Ie3) — Ro(loa + 1ea)
=R(Al12 + Alsa) + AR(L1o + Loas)

= R{ooAlero + Aol s + a3aAlss + Acgadg)

+ AR(cales + azales)
where

R =R+ AR
Ry =R— AR.

Substituting (34), (36), and (38) into (39), the output voltage

is

v
Vout = R tanh _o (cviodos — agalog)
2V

V;
+Ic5 RalgklgsechQ %

Yio

+Ic6 Ra34k34sech2 2VT

VLo
>~ Rtanh| —2 (L5 — L.
arn Wy ( 6)

"
+ Ls| Rhkjosech?| -22

Ao R+ AR
2 + Aqgo it +

"
+ Lg| Rhausech?| -2

Awas R+ AR
2 + Aagq it +

The conditions ;2 =2 1 and az4 =2 1 are used in (40).

+ Aap R+ ARogs

+ Aa34R + ARCY34
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