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Abstract - This paper presents a general analysis of the 3rd-order
nonlinearity of a differential common-emitter (CE) radio frequency
(RF) amplifier and an improved way to cancel the 3rd-order nonlin-
earity, A SiGe BiCMOS mixer is designed based on the 3rd-order
cancellation scheme. The mixer achieves +6dBm ITP3, 15dB gain and
7.7dB DSB NF with only 2.2mA current at 2.1¢7 H z, This performance
exceeds that of previously reported active mixers in this frequency
range. :

1. INTRODUCTION

Low-power, high-performance, and low-cost integrated RF
circuits are aiding the rapid growth of mobile wireless com-
munications. The bipolar common-emitter and differential-
pair stages are commonly used in many RF building blocks
such as low-noise amplifiers{LINAs) and mixers. For a direct-
conversion WCDMA receiver, the linearity requirements of
the mixer are approximately 0dBm ITP3 and 35dBm I1 P,
if the LNA before the mixer has a gain of approximate 164 B
and a SAW filter in between the LNA and the mixer [1].
The inherent linearity of a common-emitter circuit does not
satisfy the linearity requirements of most high-performance
RF systems. Inductive or resistive degeneration is usually
applied to improve the linearity of these circuits, though it
sacrifices the gain or raises de current [2]. Another way
to improve the linearity is to utilize the second-order non-
linearity to cancel the third-order nenlinearity [3]. This
method achieves high linearity at lower bias current, but re-
quires a complicated nonlinear analysis. Recently several

authors [3-5] analyzed the problem and showed that up to
" 144 B linearity improvement can be achieved with proper
choice of source harmonic termination.

In this paper, we directly compute the nonlinear response
of a differential common-emitter circuit. The direct nonlin-
ear response was solved, then a relatively straightforward
solution of the 3rd-order nonlinearity cancellation was given.
A fully balanced active mixer was designed based on the
3rd-order nonlinearity distortion cancellation, and achieved
outstanding results.
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Figure 1: Large-signal model of a commeon-emitter differ-
ential pair.

2. NONLINEAR ANALYSIS OF A DIFFERENTIAL
COMMON-EMITTER CIRCUIT

Fig. 1 shows the model used for analysis on the nonlin-
earity of the differential CE circuit. To simplify the anal-
ysis, the following assumptions were made, similar to that
in [3]. The collector current is only a function of the base-
emitter voltage. The Early effect is ignored, because the
output resistance is much larger than the output load for RF
applications. The base-emitter junction capacitance C;, is
considered as a linear component, because its nonlinearity
is small compared to the base-emitter diffusion capacitance
Cpg. The base resistance ry, extrinsic emitter resistance r,,
base-collector capacitance C,,, collector-substrate capaci-
tance Cog, forward transit time 7 and the low-frequency
current gain 3 are all constant, because their nonlinearities
are much smaller compared to the nonlinearity of the gp,,.

The nonlinear components are collector current 3., base
current i, and base-emitter capacitance current ¢, ;. They
are are all functions of base-emitter voltage vp,.

ic = OmVbe t+ Gm2 ?-’fe + gm3 'Ubae (1a)

. %e

iy —= (1)
8
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(1)

'iCDE = T Elc
where Om = cU/Vt- Gmaz = fcu/QVf, gm3 = cD/ﬁVB, IcO
is the dc collector current and V; = kT'/q.

The first-ordér response is given by

Vour1 = Hd(s) Vs (2)
where .
. N
V, = Va+ - V.:;" '
H,j(s) — Z; {CPS [1 + (gm + Cﬂs) Zed} - gm} !
Ld(s)
Cr = CietTGm,
Zﬂd = Te+ ZE H
Z,
La(s) 2 1+ gm(Zea+ ?") + Crs(Zy + Zeg)
+Cus(Zy + Z; + (gm + Crs)Ay) and
Ay = Zeily + ZpZ + ZogZy

The third-order currents are generated in two ways: through

- the 3rd-order transistor transconductance g,,3 and the inter-
action of first-order response and the second-order response
through 2nd-order transconductance gr,3. Solving the third-
order solution, we have

Vouts = Ga(s)s { Kals)Vs - [Fuls)a (Ku(s)V2)']} @

where
1 Z
Fyls) = m{l - 29mZ, - ng?gi
+(Cie — 2rgim)s(Zy + 21
+C#S[(Zb + Zc)(l - 29mZ;)
+Ac(cje - 2.';‘m'r)ﬁ' - 2ngch]} 3
-z, ,
Gd(s) = T(S) [1 + C-,rS(Zb + ng) + C,_,st] s
1+C,sZ
ki = gt
Zé = Leg+ Zec s
Z,
Le(s) 2 1+4gm(ZL+ Fb) + Cs(Zs + Z})
+Cu8 (Zy+ Ze + (g + Co8)A,) and
A, = ZZ+ 2,7+ 2,7, .

K4(s) = vpe/ v}, is the transfer function from the input volt-
age v} to base emitter voltage vpe. Fyls) = 6 V3 i /(1 vl ),
is the transfer function from vy, to the 3rd-order collector
current i.3, the subscript of Fy(s)e in (3) implies that the
operations are done on the second-order current. G(s) =
Vo3 /tea, is the transfer function from the collector current
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to the output voltage; the subscript of G4(s)3 in (3) implies
that the operations are done on the third-order current. Col-
lecting all the intermodulation terms at frequency 2ws — wy,
we have

Ieo A2 [Galj(2wa — w1))Ky(jw2)2 Ka(juw)|
96V, 2 | Ha(Gen )|
A2Fy(f{wa — w1)) + Fa(jue)) @

IMzg =

where Az is the amplitude of the signal in a two-tone-test.
A lower third-order intermodulation(IM3) is achieved when
(4) is minimized, while the first-order is kept the same. By
careful selection of Zy, Z., Z., it is possible to make the
last term in (4), |2Fy(f(wa2 — wn)) + Fa(52ws)|, close te
zero. But the last terms are functions of (wy — wy) and
wa, and it is difficult to find a general solution for termina-
tion impedance to cancel the third-order nonlinearity. An-
other approach is to find the termination impedance such
that | Fy(j{wz — w1))| and |Fy(2jws)} are separately close
to zero, Such termination impedances are selected as

Zp(j202) =0 Zy(jAw) &0
. 1 . 1
Z!(j202) = o Zl(jAw) = T (5
m m

where Aw = |wa —w:|. Substituting these value into Fs(s),
we obtain

Falitw) = 2l = 2T0n]
30m
1
. ) ——w2|Cje — 2Tgm|
|Fa(2juw)} = 220 7T (6)

3 Lrwg
2T gm

For typical RF applications, rw << 1. Asaresult, |Fy(jAw)|
and | F2(2jws)| are dramatically lower than the non-optimized
value, and the intermodulation can be substantially improved.
Since the terminations are only changed at Aw and 2w, the
noise performance is virtually unaffected.

3. LOW-DISTORTION MIXER DESIGN

The termination condition (5) suggests that only the second-
order currents need to be terminated at the input and Z.
needs to be real at the second-harmonic of the input sig-
nals. By connecting two emitters of the differential pair and
letting R, = 1/g,, — 27, the emitter impedance require-
ment for 3rd-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 [5]. Fig-
ure 2 shows a simplified down-conversion mixer. The 2nd-
order base termination at frequency 2w is through series
resonance components, L. and C,. The base termination
at frequency Aw was achieved with the feedback circuit of
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Figure 2: Down-conversion mixer with 3rd-order cancella-
tion.

Figure 3. The impedance of the bias circuit at dc and RF
frequency are

' By R
Zi{de) = — 7
(de) ﬁz FMITo (Fa)
Zim(w] = R/fRy (7b)

Figure 3: Mixer bias circuit to provide low impedance at dc.

4. MEASUREMENT RESULTS

The mixer was fabricated in IBM’s SiGeSAM process with
transistor peak fr = 45G H 2. The microphotograph of the
mixer is shown in Figure 4.

Using the measurement setup shown in Figure 5, the
mixer has been characterized at 2.1GH z.

The output power as well as the 3rd-order intermodula-
tion are plotted in Figure 6. Due to the nonlinearity of the
bias circuit, the dc bias changes with RF input signal power,
which affects the nonlinearity performance of the circuit.
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Figure 5: Measurement setup.

The bias current was optimized for approximate —20dBm
input power. When the input power is lower, the dc bias
current drops and the 3rd-order cancellation becomes less
effective. The nonlinearity of the bias circuit causes the
3rd-order distortion to remain constant at an input power
range from —22dBm to —32dBm. The changing of the dc
bias also causes the 3rd-order intermodulation to rise more
quickly when the input power exceeds ~18dBm. Figure 7
is a plot of nonlinearity characteristic versus dc bias current
of the mixer at an input power of ~22dBm. Table 1is a
summary of the mixer as well as a comparison with cther
recent mixers. The figure of merit is defined in [7] as

[ IIP3(m¥)
(F—1) Vyg - Ia

The result exceeds the performance of the other previ-
ously reported results. The mixer in [§] has similar perfor-
mance but is operated at 880M H z,

The mixer also exhibits excellent 2nd-order linearity,
with an I1P; of +45 dBm.

FOM = 10log t)]

5. CONCLUSION

The general nonlinear responses of the CE differential-pair
circuit have been developed to determine the conditions for
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Figure 6: 3rd-order intermodulation characteristic.
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Figure 7: 3rd-order intermodulation vs. dc bias current.
Py, = -22dBm.

cancellation of third-order nenlinearities. 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.
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