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Abstract

Linearity is a key concern in RF systems, particularly an amplifier. Volterra series allow
us to easily identify the contribution of various individual nonlinearities, as well as to identify
the interaction between individual nonlinearities.

Nonlinear current source of Volterra series and direct derivation of Volterra series are
two methods that analyze nonlinear distortion effectively. This thesis applied Volterra series
to circuit linearity analysis and performed with the help of a matrix solver in Matlab. ADS
used is to verify the validity of analytical expressions.

Supported by Volterra series approach, requirement of M3 cancellation can be found
at both low frequency and high frequency. ADS simulation is used to investigate conditions

required for I M3 cancellation.
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Chapter 1

Introduction

As well known, most of electronic circuits are nonlinear. The linear assumption for
most modern circuit theory is only an approximation in practice. The most commonly used
elements in integrated circuit are transistors, resistors, capacitors, inductances, and diodes.
All these elements mentioned above are always described as a nonlinear equivalent circuit.
Thus analyzing such circuit is usually more complicated.

Contrast with “nonlinearity” and “distortion”, “linearity” refers to the ability of a device
or system to amplify input signals in a linear way. Silicon-germanium heterojunction bipolar
transistors (SiGe HBTSs) are in general nonlinear elements like other semiconductor devices.
For instance, it has a very strong exponential /o — Vg nonlinearity.

Although SiGe HBTs can be used in both nonlinear and linear circuits which depend
on the the required application, nonlinearities in transistor still can’t be avoided. These
nonlinearities will create distortion in the signals we are interested in amplifying or trans-
mitting. For instance: the intermodulation of two nearby strongly interfering signals caused
by nonlinearity at the input of a receiver will influence the desired weak signal we are trying
to receive.

Despite the strong I — V' and C' — V nonlinearities, SiGe HBT's also have excellent lin-
earity in both small-signal (e.g., LN A) and large-signal (e.g., PA) RF circuit. It is clear that
the overall circuit linearity strongly depend on the linear elements in the circuit, the source
impedance, the load impedance and the interaction of I —V and C'— V nonlinearities[1]. In

this thesis, Volterra series approach will be used to analyze these nonlinearities.



1.1 Nonlinearity

When the input signal is sufficiently weak, the operation of a transistor circuit is linear.
The response of a linear and dynamic circuit is characterized by an impluse response function
in the time domain and a linear transfer function in the frequency domain[1]. Generally, using
such approach requires vgg to be much smaller than thermal voltage which is presented as
%T for a bipolar transistor.

For larger input signals, an active transistor circuit becomes a nonlinear dynamic system.
Many of the nonlinearity concepts can be illustrated using simple power series, a concept
which only applies to a memory-less circuit. In practice, even a linear circuit has memory
elements (e.g., capactiors). Nevertheless, the use of power series simplifies the illustration of
many commonly used linearity figures of merit[1].

The output voltage V,.(t) of a nonlinear circuit can be illustrated as a power series

when using a small-signal input Vs(t)[2]
Vour(ry = k1Vs(t) + ko V(1) + ksVE (1), (1.1)

where for simplicity we just give the third-order series. The concepts “harmonics”, “inter-

modulation” are introduced below.



1.1.1 Harmonics

Substituting Vg(t) = Acoswt into (1.1), the output voltage V,,(t) can be obtained as|[1]

Vout (t) =k1 Acoswt + ko A*cos*wt + ks A’cos®wt

kg A
2
2 A3
+ (k1A + 3ki Jcoswt
A2
+ i cos2wt
43
+ i cos3wt. (1.2)
A? A3 A?
In (1.2), k22 is dc shift, (k1A + 33 )Jcoswt is a fundamental output at w, k cos2wt
k3 A3

is a second-order harmonic term at 2w and cos3wt is a third-order harmonic term at

3w. Generally, we are interested in the harmonic of a given level respect to the fundamental
output, which is so called harmonic distortion. The second-order harmonic distortion can
be obtained from (1.2) as

ko A2 1k

[(k1A) = 5=A

HD2 =
2k

(1.3)

3kz A3

where

is neglected compared to ki A.
ITHD? is defined as the extrapolation of the output at 2w and w intersect at a certain

input level[1]. When setting HD2 =1 in (1.3), I HD2 can be obtained as

[HD2 — 2™ (1.4)
ka



It is clear that I H D2 is independent of the input signal level. Then using (1.4), HD2 can
be calculated for any given small-signal input with amplitude A.

A

HD?2 = .
1HD?2

(1.5)

OH D2, the output harmonic distortion is simply the product of small-signal gain and
1THD?2

2
OHDy =G -IHD2 = 2%. (1.6)
2

The third-order harmonic distortion H D3, the input and output intercept of the third har-

monic distortion I H D3 and OH D3 can be defined similarly.

1.1.2 Intermodulation

Consider a two tone input voltage Vs(t) = Acos(wit) + Acos(wot). The output not only
has harmonics of w; and w,, but also “intermodulation products” at 2w; — wy and 2wy — wy.
A full expansion of (1.1) using Vg(t) = Acos(wit)+ Acos(wst) shows that the output contains
signals at wy, we, 2wy, 2wy, 3wy, 3we, Wi + Wy, Wi — We, 2wy — Wy, 2wy + W1, 2w — wWe, and

2w + wo [1].

IM3

m

Figure 1.1: Intermodulation product of two strong interfers can corrupt the desired signals[1].

When w; and wy are closely spaced, the third-order intermodulation products at 2ws —wy

and 2w; — wy are the major concerns, because they are close in frequency to w; and ws, and



thus within the amplifier bandwidth, and cannot be filtered. Consider a weak desired signal
near two strong interferers at the input. One intermodulation product falls in band, and
corrupts the desired component, as illustrated in Fig. 1.1[1].

Substituting Vs(t) = Acoswit + Acoswst into (1.1) leads to[1]

3ks A3 n 3ks A3
4 2

cos(2wy —wy )t + -+ . (1.7)

Vout(t) = (k1A +
k3 A3

Jeoswit + - - -

+

3k3 A3

Neglecting the higher order terms added to ki A, kiAcoswit and cos(2wy — wy)t
are the fundamental terms at w; and the intermodulation terms respectively.
The third-order intermodulation distortion (I M3) is defined as the ratio of the amplitude

of the intermodulation product to the amplitude of the fundamental output.

3ky A3
4

3k
JkiA =242 (1.8)

IM3 =
4 ky

When setting M3 equal to 1, the input third-order intercept (I/1P3) can be obtained from

(1.8), which is defined as the intersect of the fundamental output and the third-order output

4k
IIP3 = [-—. 1.9
3T (1.9)

It is clear in equation (1.9) I1P3 is independent on the input signal, thus it is more useful

versus input at a given input level.

than IM3. Given I1P3, IM3 can be calculated with amplitude of desired small signal.

AQ

IM3 = ——.
3 I11P3?

(1.10)



Beacuse in equation (1.8) M3 grows with A% thus ITP3 can be measured at a signal

input level Ay,

2 A
1IP3* = 1.11
IM3y’ ( )
where I1P3 and A are voltage, then transferring this equation to power level:
20[0910[1133 = 20l0910A0 — 10[0910[M30. (112)

20log10l I P3 is the power expression at intercept point in dB, and 20log19Ag is the input

power in dB. Then (1.12) can be rewritten as

1
PIIP3 - Pm + §(Pout,1st - Pout,?ﬂ‘d)a (113)
and
) 1
POIP3 - PIIPS + Gain = Pout7lst + é(Pout,lst - Pout,Srd)- (114)

Clearly, I1P3 is an important figure in RF low-noise amplifier. Because the interfering
signals are often much stronger than the desired signal, thus generating strong intermodu-

lation products will corrupt the weak but desired signal.

1.2 HBT Physical nonlinearities

Fig. 1.2 shows a typical SiGe HBT equivalent circuit. Iog represents the collector cur-
rent which is a nonlinearity controlled by Vgg. Igg is the hole current representing hole
injection into the emitter, and is a nonlinearity controlled by Vg as well. Iop represents

the avalanche current which is a strong nonlinearity controlled by both Vgg and Vog. Cgg
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Figure 1.2: SiGe HBT equivalent circuit[1].

is the emitter-base junction capacitance, which includs the diffusion capacitance and deple-
tion capacitance. Since diffusion charge is proportional to the transport current Iog, Cgg
becomes a strong nonlinearity controlled by Vgg when the diffusion capacitance dominates.

Cpce is the collector-base junction capacitance.

1.2.1 Icg nonlinearity

To first order, Iog is controlled by Vgg which results in a nonlinear transconductance
in weakly nonlinear circuit analysis. Assuming the nonlinear current i(¢) as a function of

controlling voltage ve(t), one has[1]

i(t) = fve(t) = f(Vo + ve(t))

—~ 19" f(u(t))

R x v¥(t). (1.15)
k=1

= f(Vo) +

where i(t) is the sum of the dc current and ac current, v.(t) is the ac voltage and V¢ is the

dc bias voltage.



Generally, it is enough to consider the first three terms of the power series for small

ve(t). Thus the conductance nonlinear coefficients can be defined

_ofw)
ov U:VC’
1 9%f(v)
k2g =37 2 )
2 ov? |y
19 f(v)
o = — 1.1
3g 3| avg vzvc? ( 6)
10"f(v)
kno = — 1.1
7 nl oo Ve (1.17)
Then the ac current can be rewritten as
Gac(t) = g - ve(t) + Koy - Uz(t) + K3, - vf(t) + e (1.18)

where g is the linearized small-signal transconductance element, Ky, and K3, are the second-
order and third-order nonlinearity coefficients respectively. The subscript ¢ indicates that
these coefficients are associated with the linearized transconductance “g”. For an ideal SiGe
HBT, I¢g is given by

qVBE
kT

Iogp = 1Is exp ( )= Ig exp (——), (1.19)



kT
where — is the thermal voltage. The nonlinearity coefficients are
q

_ fep
dm v,
1 leg
2gm — Ev_f7
1 Ick
3gm = ETRTER (1.20)
1 Ice
kpom = — ——. 1.21

Thus the effective transconductance generate by Iog — Vop nonlinearity can be obtained as

ic 1’[)1)6 1U26
gm@ff:U_lw:gm(l—i_ﬁvt—’_évlf—i_”.)' (1.22)

From (1.22) we can find that the nonlinear contributions to g, .ss increase with the
voltage drop across the emitter-base junction. Generally, v,. decreases as biasing current
increases, making g, .s¢ closer to constant. Thus the linearity of SiGe HBT can be improved
by increasing biasing current, at the cost of power consumption. By decreasing v, through
increase emitter resistance or inductance can also help to improve its linearity, although at

the expense of gain.

1.2.2 Ipg nonlinearity

The current gain [ is constant when considering an ideal SiGe HBT. Then the base

current Igg represents as

Inp = =5 (1.23)



Therefore, the nonlinearity coefficients of the emitter-base conductance can be obtained

similarly with the emitter-collector transconductance.

_ Im

Gbe ﬁ )
k o K2gm o ICE
2gbe — ﬁ - @?

K. m ICE
k3gbe = Zq = ‘/;357 (124)

Kn m IC’E
Fonope = —9™ — : 1.25
9 B \tnﬁ ( )

1.2.3 Icp nonlinearity

The Icp current represents the avalanche current

Iep =Icg(M —1)

= To(Visg) Frarty (M — 1). (1.26)

where Ico(Vpr) is o measured at zero Vop, M is the avalanche factor and F.,,,, is the Early

effect factor.

At low current density, the avalanche factor M in SiGe HBT can be described as a Vg

function using Miller equation

1
1 — (Ves/Veso)™

M (1.27)

where Vopo and m are fitting parameters.

10



The avalanche current /s is controlled by two voltages, Vpr and Vig. Thus the power

series of this current should be described by 2-D which including the cross-term contribution.

by = Gu U + Kogy -t + Kagy - ud + -+, (1.28)
iy = Gu - Ve + Kogy - 02 + Kagy - 03 + -+, (1.29)
iu’v = Kqu&gv “ Ve * Ue + K32gu&gv . uz c Ve + Kggu&2gv *Ue 'UC2. (130)

The first two series i, and 7, are 1-D nonlinear transconductance which contain one voltage,
and the cross-term i,, is 2-D nonlinear transconductance which is controlled by two voltage.
Thus the nonlinear coefficient K,,;gusg(m—j)jgv With m > j is defined as

. Sl 1 0" f(u)
mjgude(m—j)gv — g1 (m — 5)! Ow Qv(m=9)

(1.31)

u=Uc,v=Vgo
1.2.4 (g and Cpc nonlinearity

Similarly to the nonlinearity of current, these capacitances are also nonlinear functions
of the terminal voltage. For a small-signal distortion, the charge associated with nonlinear

capacitor can be presented as(1]

Qt) = f(ve(t)) = f(Ve +ve(t)) (1.32)
=fVe)+ ) %8 j;(:k(t)) x V¥ (1), (1.33)
k=1 v=Vg

11



where ac part describes the power series of the stored charge. And nonlinearity coefficients

are defined as

oW
ov V=V
1)
T 91 2 Ve
19/ (v)
ksc = = 1.34
A TR N Ve (1.34)
The ac charge can be written as
Gac(t) = C - ve(t) + Koo - 02 (t) + Kz - v2(t) + - - -, (1.35)

where C is the small-signal linear capacitance. The diffusion charge ()p in SiGe HBT is

proportional to I¢g through transit time 7¢

V
Qp = 7lcp = 15 exp(qk;E). (1.36)
Thus,
Cp = rrgm — 7 tep _ _ Ice
D f9m I T f ‘/t )
2
q¢“Ice Ick
K == K = =
2Cp Tfihogm = Tf 2(]€T)2 Tf 2‘/1;2’
3
¢lce Ice
K =1 K3pm = = ) 1.37
3Cp T 3g Tf 6(1{?T)3 Tf 6%3 ( )
_ _ q"Icp B Ice
KnCD = TfKngm = Tfn'(k’T)n = Tfn”/;n. (138)

12



In equation (1.37), Cp, Ksc,, and Kjs¢,, are proportional to g, Koy and K3, respectively.

And the effective capacitance can be written as a function of vy,

qp Lope 102
CD,eff:E:CD(1+§Vt+6%+---). (1.39)
t

Similar to the effective transconductance g, ¢, increasing bias current can make the effective
diffusion capacitance more linear with expense of power consumption. A larger Cp itself also
can improve the circuit linearity since higher I leads to a larger C'p which finally results in
a smaller vy,.

The expression of the emitter-base and collector-base junction depletion capacitance are

often given by

C
Caen(Vy) =~

: 1.40
- (1.40)

)
where Cy, V; and m; are known model parameters. The nonlinearity coefficients can be
analytical evaluated in this case. But more complicated in other models such as MEXTRAM
model, the nonlinearity coefficients should be evaluated numerically.

Generally the collector-base depletion capacitance is much smaller than the emitter-base
depletion capacitance, because the collector-base junction is under reserve bias for normal
operation.

Through discussing these physical I —V and C' — V nonlinearities in a SiGe HBT, we
know how they influence the linearity of a SiGe HBT amplifier.

In order to find out which nonlinearity is dominant in the device, the analysis method
used is Volterra series. This is an approach applies to small signal distortion such as that
found in front-end low-noise amplifiers and mixers. In the next part, we will introduce one

of Volterra series, the nonlinear current source method.

13



Chapter 2

Nonlinear current source approach

2.1 Introduction to Volterra series

Volterra series is a general mathematical approach for solving systems of nonlinear
integral and integral-differential equations. Volterra series can be viewed as an extension of
the theory of linear systems to weakly nonlinear systems. The essentials of Volterra series
can be briefly summarized follows|[1]:

Firstly, Volterra series describes a nonlinear system the same as a using Taylor series
to approximate an analytic function. Similarly, the analysis is applicable only to weak

nonlinearities.

Hy

A

- Hn

Figure 2.1: Illustrating basic process of Volterra series|3].

Secondly, the response of a nonlinear system to an input z(¢) is equal to the sum of
the response of a series of transfer functions of different orders(Hy, Ho, ..., H,), as shown in

Fig. 2.1

Y = Hi(x) + Hy(x) + Hs(x) + - - - + H,(z), (2.1)

14



where in time domain, H, is described as an impluse response h,(71,7o, - ,7,). As in
linear circuit analysis, frequency domain representation is often more convenient. Thus
nth order transfer function H,(sq,$2, - ,S,) in frequency domain is obtained through a
multidimensional Laplace transform of the time domain impluse response.
Thirdly, the first-order transfer function Hy(s) is the transfer function at dc bias.
Thus solving the output of a nonlinear circuit is equivalent to solving the Volterra series

Hl(S), HQ(Sl,Sg), and H3(81,82,83), s

> Ki(t)

X Ke(t) Valt).

B Kp(t)

Figure 2.2: Tllustrating the operation of a simple second-order system3].

Fig. 2.2 shows a basic second-order system. It is clear that a second-order nonlinearity
combines two signals to produce a second-order signal. With this simple system shown in
Fig. 2.2, we can explain the operation of a second-order system in generally as follows: the
two linear blocks represent the impulse response k,(t) and k,(¢) which is fed from incoming
signal z(t), z,(t) and z,(t) are the two output respectively. Then these two signals are
combined by a multiplier and the higher impulse response term is k.(t). y2(t) is the overall
output of this linear system.

For this general system, it is not difficult to give the Volterra kernel equation[3]:

ho(71,72) = /OO ko(0)ka(T1 — 0)kp(12 — 0)do. (2.2)

—00

In this thesis we analyze nonlinear behavior in frequency domain, thus we can get

equation in frequency domain using Fourier transforms. The Fourier transform of hy(7, 72)

15



is denoted as Hs(jw, jws). The equation shows as follows[3]:

HQ(jwlujWQ) = Ka(jw1)Kb(jw2)Kc(jW1 —|—jw2), (2-3)

where K,(jw), K;(jw) and K.(jw) denote the Fourier transfforms of the linear subsystems

described by the impluse response k,(t), ky(t) and k.(t) respectively.

x(t)

Figure 2.3: Illustrating the operation of a simple third-order system3].

Similar to the second-order system, we can obtain a general block diagram to represent
a third-order Volterra operator. It is clear that this third-order system will require two
multipliers. In this way except the second-order signal, this system will combine three
signals to produce a third-order signal. Fig. 2.3 shows a basic third-order system. xz(t) is
the common input to a second-order system Fb» with the output z,(t) , it’s also the input
to a linear system with impulse response k4(t) and output z,(t). The second-order system
F; is defined in Fig. 2.2. Combining the output z,(¢) and z,(¢), we will obtain the impulse
response k. (t) and total output ys(t).

The third-order kernel transform of this system in frequency domain is given by:

Hy(jwr, jwa, jws) = Ko(jw1) Kp(jwa) Ko (jwr + jwa) Ka(jws) Ke(jwr + jws + jws).  (2.4)

There are two approaches to solve nonlinear system based on Volterra series. One is

nonlinear current source method[3], the other is direct derivation[11].

16



2.2 Nonlinear current source approach

In this section, the computation of first-order, second-order and third-order Volterra

kernel of voltages and currents in a weakly nonlinear network will be explained.

2.2.1 First-order transfer function

2

83

|_
WV
N

+ p; gl 3 Vout
Vi Che e 8 Vo

Figure 2.4: First-order small signal equivalent circuit.

At first, the response of the equivalent circuit to the external input should be transferred
to a frequency domain function. In this way, every nonlinearity symbol is replaced by a
linearized one. Considering the output voltage, all node voltage of this nonlinearity can be
calculated. Fig. 2.4 shows the equivalent circuit of the first-order response. In general this

calculation can be represented by the solution of the following matrix equation|[3][4]:
Y(s)Hi(s) = I Ny, (2:5)

where Y'(s) is the admittance matrix in this circuit, H;(s) is the vector of first-order Volterra
kernel transforms of the node voltage 1 and 2, I N; is the vector of excitation. This admit-
tance matrix can be calculated using Kirchoft’s current law at every node. Thus in this
equation the only unknown parameter is the Volterra transfer function. Applying Kirchoff’s

current law at node 1 in Fig. 2.4. we can obtain:

%(m —Vs) + g Vi + 51Cpe Vi = 0. (2.6)
B
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At node 2 we can obtain the equation in the same way:
gm‘/be + gL‘/Q = 0. (27>

In (2.6), g is the admittance of the source resistance and gp is the admittance of the
base resistance. C} is the sum of diffusion capacitance C; and depletion capacitance Ce.
In (2.7), Vie equal to V].

Then combine (2.6) and (2.7) into one matrix equation:

gs " 9B
+ gTI' + SCbe 0 V V
gs + g5 e (2.8)

9m gr ‘/2 0

In this matrix, V7 and V5 become the first-order Volterra transfer function when Vg is
equal to 1. These transfer functions are denoted as Hy, (s) and Hy,(s). And in these two
transfer function, the first subscript indicates the order of transfer function and the second

subscript indicates the number of node. Then (2.9) can be rewritten as following:

gs - gB
4 9r+5Ce 0 | | Hy (s
9s + 9 n(s) | _ |9 | (2.9)

Im gr le('s) 0

This matrix equation can be solved using Cramer’s rule. Then through defining the

ratio of two determinants, Hy,(s) and Hi,(s) can be calculated.

gs " 9B
det(s) = (——— + g» + sChe . 2.10
(5) = (22 g+ 5Cu)lan) (2.10)
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Then H,, is obtained as

gs 0
0 gz
9s(gL) 9s
H = = = . 2.11
1 (5) det(s) dets(s) ~ 95°9B gn + 5Che (211)
9s + 9B
H,, is obtained as
95 98 Gx + 5Che  gs
gs + 9B
H(s) = am 0 _ T9mYs _ 5 —9mJs L (212)
det(s) dets(s) (2598 4 o 4 sCh)g
gs + 9B

2.2.2 Second-order transfer function

In fact the first-order kernels are a linear transfer function. The method that was used
for calculation of linear transfer functions described earlier can also be used to calculate the
second-order Volterra kernels, but now with the so-called nonlinear current sources placed
in parallel with the corresponding linearized circuit elements for each nonlinear element. In

this way the node voltages that are found are equal to the second-order kernel transforms.

rs s @ @

—MWA—WN

+

T ® Wi ® P O

InL2cn iNL2gn

©
4

Figure 2.5: The computation of second-order kernels equivalent circuit.

Fig. 2.5 shows the circuit that has to be solved for the computation of Hy(sy, s2). Every
nonlinearity symbol in the original circuit gives rise to a nonlinear current source in the

linearized circuit, which is placed parallel to each nonlinear element. And the direction of
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these nonlinear current source is the same as the controlled current in the original nonlinear
circuit.
In this case, we assume the base resistance rp is a linear element. In Fig. 2.5, inzo,,,

iNL2., and inra,,, are the second-order nonlinear current sources.

type of basic nonlinearity expression for nonlinear current source of order two
(trans)conductance Ky, Hig(51) Hix(s2)
capacitance (s1+ $2)Kop, Hik(s1)Hig(s2)
2-D conductance(only cross term) % [Kggl&gQHlk(sl)Hu(sz) + Kzgl&ﬁHlk(sz)Hu(sl)}
3-D conductance(only cross term) 0

Table 2.1: Different basic nonlinearities of second-order nonlinear current source which is
used for the calculation of the second-order Volterra series[3].

The value of these current sources depends on the second-order nonlinearity coefficient,
on the type of the nonlinear element (ie:transconductance, capacitance) in original circuit,
and on the first-order kernels of the controlling voltage. The second-order nonlinear current
source are given in Table (2.1). In this table Hj, (s) is the first order transfer function of the
node voltage which controls nonlinearity conductance and capacitance. Hjy,(s) is the first-
order transfer function the second controlled voltage. K. 2,, and Ky are the seconder-order
nonlinearity coefficient respectively. It is clear that the value of nonlinear current source
is equal to the second-order nonlinearity coefficient multiply with the first-order transfer
function of the voltage at different frequency.

Again matrix equation can be obtained as[3][4]:

Y(Sl + SQ)HQ(Sl, 82) = ]N2 (213)

In this equation, second-order kernel transforms of the node voltage is represented as the
vector Ha(sy, s2). Vector I N; relate to the nonlinear current sources of order two. Comparing
equation (2.5) and (2.13), we can find that they have the same admittance matrix, but with

different frequency.
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In this way, the second-order nonlinearity can be calculated through combining two
first-order controlling voltages to produce a second-order signal. To calculate the second-
order kernel transform, the circuit should be linearized and the nonlinear current source of
order two are applied. Through using Kirchoft’s current law at node 1 and node 2 in Fig.,
the matrix equation can be obtained as follows:

gs - 9B
S+ gr + (51 +52)Cre 0 Hy (s1,s —i —1
95 + 95 2, (51, 52) _ NiZgw ~ INLZer | (2.14)

Gm gL Ha, (1, 52) —INL2gm

The leftmost matrix is similar with the one in linear circuit, but now evaluated at
(s1+ s2) instead of s1. In (2.14) the unknown parameters are the second-order kernels of the
two node voltage Hy, (s1, s2) and Ha,(s1, s2). The nonlinear current iy .= 18 given according
to Table (2.1):

iNL2y, = Ko, Hi (51)H1,(52). (2.15)

Using Hy, (s) getting from (2.11), we can obtain (2.15):

. K 9?9
=9 2.16
"N L2y det(s1)det(ss) (2.16)
Similarly, we can find the value of inrs,,, and inra. :
. K,,,.9%
INL2gm = Koy H1 (51)Hi, (52) = m (2.17)
. s1 + 89) Ko, g%
iNL2c, = (s1+ 82) Ko Hy, (s1)Hy, (s2) = (514 52) Kre, 95 (2.18)

det(sy)det(sq)
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Applying Cramer’s rule on (2.14) and using the value of second-order nonlinear current

source, Hs, (s1,82) can be obtained as:

“UINL2g — INL2¢c, 0

—INL2gm, gL —a

det(sy + $2) - dets(sy + $2)

Hy, (s1,82) = (inL2,, + iINL26, )- (2.19)

Then using (2.16) and (2.18), (2.20) can be rewritten as:

—g195(Ka,, + (514 s2) K>, )

Hy, (51, 59) = 2.20
2:(51,52) dets(sy + so)det(sy)det(sq) (2:20)
For the second-order kernel transfer function at node 2:
;;_—g; + gr + (51 +82)Che  —inL2,, — INL2,
H g N L% 2.21
2(81,82) = det(s1 + $2) (2.21)
gs - 9B ) ) )
— ("= + g + (51 + 52)Che)inr2,, + 9m(inL2,. +inL20, )
dets(s1 + s2) '
Using (2.10), (2.16), (2.18) and (2.17), we can obtain:
(Ko, (T ot (514 52)Che) — g (K + (514 82) Ko,
Ha, (51, 89) = 95 T 9B (2.23)

det3(s1)det3(sq)det(s1 + $2)

2.2.3 Third-order transfer function

In the next step, the third-order transfer functions are calculated. Similarly, the third-

order must be solved as a mix of order one and two[3][4]:

Y(Sl + So + Sg)Hg(Sl, S, 83) = [Ng (224)
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type of basic nonlinearity expression for nonlinear current source of order two

(trans)conductance Ks, H, (51)Hy, (s2)Hy, (s3)
+2 [Hy, (s1)Ha, (52, 83) + H1, (52)Ho, (51, 53)
+Hy, (s3)Ha, (51, 52)]

capacitance (s1+ so + s3) K3, H, (s1)Hy, (s2)Hy, (s3)
—1—%(81 + 59+ 83) Kao1 [Hy, (51)Ha, (82, S3)
+Hy, (s2)Ha, (51, 53) + Hi, (s3)Ha, (51, 52)]

2-D conductance(only cross term) 3K, 1,0 [H1, (51)Ho, (52, 53) + Hy, (52) Ha, (51, 53)
+Hy, (s3)Ho, (51, 52) + Ha, (51, 89) Hy, (83)
+Ha, (s1,83)Hy,(s2) + Hoy (52, 83) Hy, (51)]
3 Ks0g100 [H1, (51) Hy, (89) Hy, (53) + Hy, (1) Hy, (53) Hy, (52)
+Hy, (s2) Hyy (s3)Hy, (1))
%K3g1&2g2 [Hlk (Sl)Hll(SQ)le(Si’))
+H,, (s2) Hy,(s1) Hy,(s3) + Hi, (s3) Hy,(s1) Hyy (52)]

2

3-D conductance(only cross term) 5K 10 n0gs [H1, (1) Hy, (52)Hy,, (53)

+Hy, (s1)Hy, (s3) Hy,, (s2) + Huy (s2) Hy, (s1)Hu, (53)

+Hy, (s2) Hy, (s3) Hy,, (1) + Hu, (s3) Hyy (s1) H,, (52)
H, (s3)Hy, (s2) Ha,, (51)]

Table 2.2: Different basic nonlinearities of third-order nonlinear current source which is used
for the calculation of the third-order Volterra series transfer function[3].

The nonlinear current source of order three are shown in Table (2.2). Hj, (s) and Hy, (s)
are the first-order and second-order transfer functions of the voltage respectively.

The nonlinear current source consist of two components. One is caused by the third-
order nonlinearity, which combines three first-order signals into a third-order signal at fre-
quency (s; + sy + $3). Another component is the average terms which acts upon a second-
order signal and a first-order signal at controlling voltage. Then all these third-order signals
propagate to the output.

Then the third-order transfer functions’ matrix equation is given by:

gs " 9B
+ gr + (51 + 82+ 53)Che 0 Hj (51, 89,8 —1 —1
95 + 95 ( ) 3, (51, 52, 53) _ NL3gr — UNL3cr

9m ar Hs, (517 52, 83) —iNngm
(2.25)

where Hj, (81, S2,83) and Hs,(s1, S2, $3) are the third-order transfer functions at node 1 and

node 2 respectively. From (2.25), Hs, (s1, S2,s3) and Hs,(s1, S2, $3) can be found using rule
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of Cramer

9r(inLs,, + INL3..)
. s3) = o n 2.26
351,52, 53) det(sy + sy + s3) ( )

gs - 9gB
— (2=

+ gr + (51 + 82+ 53)Che )ine3,,, + 9m(inL3,, + iNL3.,)
gs + 9B

H32(81, S92, 53) =

(227
det(s1 + so + s3) (227)

where ing3,,,, inL3,, and iyrs., can be calculated using Table (2.2).

INL3gm = K3,,, H1,(51)Hy, (52) Hy, (53)

2
+ gKggm [Hll (81)H21 (82, 83) + Hh (82)H21 (Sh 83) + Hh (Sg)Hzl (81, 82)] (228)

INL3,, = K3, Hy, (s1)Hi, (s2) Hy, (s3)

2
+ gKggﬁ [Hll (Sl)Hgl (Sg, 83) + Hh (Sg)Hzl (Sl, 53) + H11(83)H21 (817 82)] (229)

INL3., = (81 + 82+ 83) K3, Hy, (s1)Hy, (52) Hi, (s3)

2

+ 3(81 + 53 + 83) Ko, [Hi,(51)Ha, (82, 83) + Hi, (52) Ha, (51, 83)

+Hy,(s3)Ha, (s1,52)] (2.30)

Substituting first-order transfer function and second-order transfer function into iyzs,,,,
inL3,, and iyz3,.., we can obtain Hs,(sq, S, 53).

In next part, direct derivation method is illustrated. It is more complex than nonlinear
current method. The equation of nonlinear output must be the same in same conditions for

two approaches.
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Chapter 3

Direct derivation approach

3.1 First order derivation

Vs 2 l
T &G T <+>| <+

b IC

4

Figure 3.1: Circuit that has to be used for the analysis of distortion based on direct derivation
approach[11].

Another approach is direct derivation. Fig. 3.1 shows the circuit that used to analyze
distortion. This circuit ignores the effect of base-collector junction capacitance (Cy)as we
do in nonlinear current source circuit. Vg is the voltage source. Z, is the impedance between
voltage source and base of transistor which set as the sum of source resistance (rs) and
base resistance of transistor (r,). Q. is the base-emitter diffusion charge, which is linearly

proportional to the collector current I, and the forward transit time 7. C is the base-emitter

K
dVy
capacitance which is assumed to be a constant value in this model. [, is the base current,

difussion capacitance, which is equal to = gmT¢. Cj is the base-emitter depletion

I, . . : :
which is equal to E, where (8 is the small signal low-frequency current gain.But at high-
frequency I, still have effect on the nonlinearity, thus it can’t be ignored.

Using Kirchhoft’s Voltage Law at Fig. 3.1, we can obtain an equation of the circuit|2][11]

Vg = ([Cje + [Cﬁ -+ [b>Zb7 (31)
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where I¢,, is the current of Cj. and I¢, is the current of . Then we can obtain

I
Vg = (SCjeVW + Sngm‘/Tr + E)Zb + Vi, (32)

where V; is the base-emitter voltage drop accross C; and Cj.. For collector current /., a

Volterra series expression is given by
I. = Ai(s) o Vig + Ay(s1,52) o VZ + As(sy, 89, 53) o V3, (3.3)

where V& is the n’th power of the voltage source. A,(s) is the Volterra series coefficient.
The operator ‘o’ in equation (3.3) indicates each component in V' should multiply A,(s) at

each frequency which result into a phase shifting by A, (s) of each frequency component in

VE.

Vi
Ic = IC + [Q exp(v)
t

1. Vi

M L (3.4

Va
=Ic+1q (Vt)+ v, 6\V,

where I is the bias current of transistor, I¢ is dc current and V; is the thermal voltage.
VTI' = 01(81) @) VS + 02(81, SQ) O VS? + 03(817 S9, 83) O VSZ} (35)

The way to calculate A,(s) is substituting equation (3.3) and (3.5) into equation (3.2).

For the first order derivation,

VSIAejwlt,
V.

c=1o(=5),

i Q(Vt)

Vv7r = 01(81) O Vs = Cl(Sl)ejwlt,
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where we assuming A equal to 1, i, is ac current. Then C(s;) can be calculated as

. ) I, ) I, , )
€jw1t = lejeCl(sl)ejwlt + 817f7Q01<81)6Jw1t + Vch(Sl)ejwlt/ﬁ(]] . Zb(Sl) + Cl(Sl)ejwlt,
t t

1= 01(81) (310]-@ + Sle ©Om T+ %_m) : Zb(Sl) + 1:| y
0

1
Culs) = $1C5e Zu(51) + S17f - GmZu(s1) + gmZu(s1)/Bo + 1 (3.6)

Then A;(s;) can be obtained as

e gmCi(sy)eiert
i) = 7 = ==

= gmC1(51),

where N = e/«it,

3.2 Second order derivation
For the second order derivation, the mixed frequency w; + ws occurs due to the square

operator.

V, = elwit + €Jw2t7
V? _ (6]w1t + engt)Q _ 62]w1t + 62]0.}21? + 26](w1+w2)t’

S
|74 1.V,

S SN TAL AN LAY
ZC Q[(W +2%)]7

Ve = C1(s1) 0 Vs + Cy(s1,52) o V&

= V7r == Cl<31>ejwlt -+ 01(82)€jw2t + 02(81, 82)2€j(w1+w2)t.
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Since second-order Cy(s1, s9) only considering the frequency at wy 4+ wse, thus neglect the

influence of e“1'&e?*2!. Then we can calculate V2 as
V2 = [Cals1)e™! + Cal2)e! + Cofsy, 5p)267 @ H1]",

For the same reason the second-order only considering the frequency at w; + w., the
square of each numerator in V2 will lead to a even higher order. Thus neglect influence of

these orders and we can rewrite V2 as
V7r2 = 201(81)02(52)€j(w1+w2)t. (39)
Within (3.8) and (3.9), i. can be obtained as
; ]Q j(wltwa)t ]Q j(w14w2)t
le = —202(81, Sg)@J 2 4 —2201(81)01(82)6] 1t (310)
Vi 2Vy

Substuiting (3.8), (3.9) and (3.10) into equation (3.2), C(s1, s2) can be obtained as

Vs = {(81 + SQ)CjeC2(81, 52)2€j(w1+w2)t

I , I ‘
+ (s1+ s2)7f VQ L 20 (51, sp)ed et 4 201(81)01(@)6“‘”*””]
t

212
'[Q j(w1+w2)t ‘[Q j(w1+w2)t
"—7 . 202(81, 52>€ /50 + 2—‘/2 . 201(51)6’1(82)6 /50 . Zb<81 + 52)
t t
+ Co(s1, 89) - 27 Fen)t, (3.11)
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where Vg = /" + ¢/¥2! " Since no item relates to the frequency of wy + w, in this Vg, thus

Vs = 0. Placing this requirement into equation (3.11)

0 = 02 S1, 859 S1 + S9 C‘eZb S1 =+ S9) - 2€j(w1+oJ2)t =+ S1 + So)T [—QZb S1 + S9) - 2€j(w1+w2)t
J f V
t

1 , .
+VQZb(31 + 32) . 26](w1+w2)t/ﬁo + 26](w1+w2)t
t

I : I )
+ C1(s1)C1(s2) [(31 + Sg)sz—‘%Zb(sl + s9) - 9edWitwa)t | —QZb(Sl + 55) - 261(0.)1+w2)t/60 _
t

2V
(3.12)
2 )
The equation in first bracket is equal to —————— - /@ +%2) " Then (3.12) can be
Ol (81 + 82)
rewritten as
—02(81 Sg) . #ej(w1+w2)t = 01(51)02<52)I—Q [(81 + SQ)Tf . 2Zb<51 + 82)
’ 01(81 + 82) 2‘/;2

+QZb(81 + SQ)/ﬁO] ej(w1+w2)t

Cs(s1,82) = —C1(s1)C1(82)Ch(s1 + 32)29—‘72 (s1 4 $2)TrZp(51 + 52) + Zb(sl’#:—@) (3.13)
Then As(s1, $2) can be obtained as
Ag(s1, 55) = % (3.14)
where N? = 2¢/@itw2)t - Qubstuiting (3.10) into (3.14), we can obtain
As(81,82) = gm - Ca(s1, 52) + [—QC’l(sl)C’l(sQ). (3.15)

2V
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3.3 Third order derivation

For the third order derivation, frequency w;+ws+ws occurs at three first order frequency

mixed or the first order and second order frequency mixed.

Vg = eIwit 4 piwat | ejw3t7
Vi 1 Ve, 1. V4

_(_

e =Ig (Vt)+§(7t) +6 Vt>3

VW = 01(81) o VS + CQ(Sl, 82) (@) Vsz + 03(81, So, 83) o Vg

Since third-order only considering the frequency at w; + wy + ws, thus we can get the

expression of I as

’ Iy
ie = <2 - 6C5(s1, sg, 53)e/@rtertenlt 4 Qo 60 (51)Cy (52) O (53)ed 1 Feetn)t

Vi 6V2
I v j(witwetws
= 2_‘/;2 120, Cyeld Witwatws)t, (3.16)
where
CC, = C1(s1)Ca(s2, 53) + C1(52)Ca(s1, 53) + C1(s3)Ca(s1, 52). (3.17)

3

Substituting V, and (3.16) in (3.2)

VS = {(81 + S9 + Sg)Cje . 603(81, S, 83)6j<w1+w2+w3)t

Ig
+ ((31 + 53+ 83)77 + 3 ) {— 6C5(s1, S2, 33)€J(w1+w2+w3)t
0

t

Ig Ig
—|—m 601(81)01(82)01 (53)6](w1+w2+w3) + — V2 -12 ClC ej (witwatws)t | Zb(81 + S92 + 83)
+ 603(81 + 89 + 83)€j(w1+w2+w3)t, (318)
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where Vg = /@1t eiw2t 1 eiwst This Vg has no item related to the frequency of wy +ws +ws,

thus it is equal to 0. Then the equation (3.18) can be rewritten as

‘ 1,
0 = 6C5(s1, 59, 53)e’(WrHwztwa)t [(sl + 52+ 53)Cje + (s1+ 52 + 53)Tf7Q
t
1o
+Viﬁo < Zy(s14 52+ 53) + 1
Ig
6V3 601(51)01 (52)C1 (53)63(w1+w2+w3) |:(51 + S9 + Sg)Tf + 6 :| . Zb<81 -+ S92 + 83)
0
I J(w1+wa+ws)t
+ 2—‘/2 12 - ClC € (81 + So + Sg)Tf + — BO : Zb(Sl + So + 83). (319)

1
01(51 + 89 + 83)

The expression in the first bracket is equal to . Then (3.19) can be

rewritten as

6 1 1,
—C5(s1, S2, 83)01(31 T 5a+ 53) = |(s1+ 2+ s3)77 + E - Zp(s1+ 52+ S3) 01(81)01(82)01(33)‘/—?3
21 21 21
+—C (s1)Ca(s2,83) + —301(82)02(517 s3) + —301(53)02(31, 52)
V7 Vi Vi

(3.20)

Al(Sl -+ S9 —+ Sg)IQ

Cs(s1, 52, 83) = — [(Ai(s1)A1(s2) A (s3) + 6Vi A1 Ao)] - [(s1 + s2 4 s3)75

6V;3
1
Zb(Sl + So + 83) (321)
Bo
where
A1A2 _ Al (81)142(82, 83) + Al(Sg)A2<81, 83) + A1 (Sg)AQ(Sl, 82) . (322)

3
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As(s1, s2, 83) can be obtained as

e
As(s1, 82, 83) = N3
Ic Io—-
= 9m 03(81, 89, 83) + —301(81)01(82)01(83) + —20102, (323)
6V, Vi

where N3 = Ge/(@itwatws)t[11],

We can use these transfer functions to determine which part of nonlineartity is more
important, or to analyze the output of nonlinear systems.

In the next chapter, we will compare two Volterra series approach using Matlab and sim-
ulator to verify the way that we used to analyze distortion is correct. Based on these transfer

functions, third-order intermodulation distortion cancellation analysis can be achieved.
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Chapter 4

Third-order intermodulation distortion cancellation
4.1 Intercept point

As we discussed in chapter 1, second-order intercept point (/P2) and third-order in-
tercept point (IP3) have significant influence on nonlinear device. In this section, we will
use Volterra series method implemented in Matlab and Harmonic balance implemented in
Advanced Design System (ADS) to analyze the output of nonlinear system. Volterra series

include direct derivation method and nonlinear current source method.

4.1.1 1IP2

The second-order intercept point which is known as I P2 including /7 P2 (input intercept
point) and O P2 (output intercept point), is a second-order distortion generated by nonlinear

systems and devices.

Pout
(dB)

(IIP2, OIP2)

/ P (dB)

Figure 4.1: The definition of the second-order intercept point
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At low power level, the fundamental output power has a one-to-one ratio with the input
power, while the second-order output power is two-to-one to the input power. But if the
input power is high enough to reach saturation, the out put power will flatten out at some
point in both first-order and second-order case.

The I1P2 is the input power at the intercept point where the first-order and second-
order line intersect with each other. Similarly to OI P2, which is the output power at that
intercept point. Fig. 4.1 shows the magnitude response of a two-tone mixer as a function of
input power.

The actual value of IT P2 and OI P2 of a device can be measured, being related by the

small signal gain of the device or system. Power gain can be obtained as|4]

. P t V2 87"5 V2
Gain = 101 ) =101 —out — 2y =101 out 4 4.1
awn 01 ( Pm) 0g10(2rL VSQ) 01 ( L rs), (4.1)

where the unit of power gain is dB, rs and rp are source resistance and load resistance

A2 A2
respectively. Output power P,,; = 21 P2 input power P, = 81 P2 " A;ps is the input voltage
L s

amplitude at the I P2 point which is equal to

AIP2 — M (4.2)

H22 (S) gL1st 7

where gr15 and gro,q are the load impedance of the first-order and second-order respectively.
H,, is the first-order transfer function at node 2 and Hy, is the second-order transfer function
at node 2.

[TP2, the input power at the second order intermodulation intercept can be obtained as

2

A2 A
I1P2 = 101og;o(5—- (7{’;1 7QS)) + 30 = 101og;( 822) + 30, (4.3)
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where the unit is dBm. In (4.3) the first “2” is the average value, the second “2” is the

A2
. . P2 .
available value. We set rg = 7, in (4.3), thus [1 P2 = —==. OI P2 can be obtained as:
rs
OIP2 = IIP2 + Gain. (4.4)
: - HARMONIC BALANCE JER) VAR L @ s HoE Hoa @ s : : CRETE ST s E
EOEETTETTA e R ey
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- ETORERERT o s e e e R | o A e w n Rl o
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. IP3=0IP3-ssgain o i P1]=polar(dbmtow(PIN)O)=| . . . . . . ; ; A = Vdc=vee
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- IP2=0IP2.Ssgain - =00 Al PR polar(db P e : . 2 o

Figure 4.2: ADS simulation circuit and parameters setting.

parameter name value
Ig 139.146a A
By 480
Ry 8.612
Cy 37T18fF
Tf 9.36ps

Table 4.1: Parameters used in Volterra series method.

Fig. 4.2 shows the ADS simulation circuit, parameters of BJT model and simulation
equations. In this simulation, we set Pin = —38dBm, Rs = R; = 5012, f; = 2GHz and
fo=2GHz=+6MHz. V., = 1V and Vj, is swept from 0.75V to 0.84V. X8 in this circuit

is a mextram model, the device size is 0.12x18um?. 7; and C; can be approximated from
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(4.5) and the plot is shown in Fig. 4.3

Cre = Ct + g Ty, (4.5)

Coe (F)

. . . . . . .
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
9y, (MAV)

Figure 4.3: Using Cy. — g, plot to obtain 7 and C.

Cie is the base-emitter diffusion capacitance. We obtain (. from operation point infor-
mation of mextram Verilog-A. Put the value of Cy. — g, in Matlab and use polyfit function
to obtain its slope and zero bias point. The value of the slope of Cy. — g, is 7 and zero bias
of Cpe — g is Cy.

Fig. 4.4 shows the plot of cutoff frequency versus Io. I under peak fr is around 20mA,
thus we just considering the condition of I smaller than 20mA.

The plot of power gain is shown in Fig. 4.5. It is obvious that based on Volterra series,
plots of nonlinear current source approach and direct derivation are exactly the same. But
when comparing the result with Harmonic balance in ADS simulation, the plots can match
only at low current. Because the model of Volterra series approach just considering the
influence of I and Ig. g, simplifies to %, where V; = 25.8mV is thermal voltage. Thus it

t
is not accurate any more when [/~ becomes higher.
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Figure 4.4: fr versus I¢ plot.

Fig. 4.6 and Fig. 4.7 show the plot of I1P2 and OI P2 respectively. Similarly we simplify
Ie, Ig and g, in the model of Volterra series method, thus Volterra series method cannot

match well with Harmonic balance implemented in ADS simulation .

4.1.2 1IP3

Pout
(dB)

(I1P3, OIP3)

Pin EB)

Figure 4.8: The definition of the third-order intercept point

The third-order intercept point (I P3), also based on the idea that the nonlinearity of a

device can be modeled using a low-order polynomial and derived by Taylor series expression.

37



device area:0.12*18 pm2

14 * mathmatical derivation
=== nonlinear current source
=== ADS in mextram model

2 4 6 8 10 12
I (MA)

Figure 4.5: Comparing power gain versus /. between Volterra series method in Matlab and
Harmonic balance in ADS.
Similarly, Fig. 4.8 shows the IP3 point at the intercept of ratio one-to-one line and
three-to-one line. Then the x-axis of I P3 is I1P3 and y-axis is Ol P3.
In [1P3 casel4],
ZA?’HgQ(sl, s1,—82) = AH1,(s1), (4.6)

4 Hy, gr3ra
Appy = |~z dL8rd. 47
ws 3 H32 JL1st ( )

where ¢34 is the third-order load impedance and Hj, is the third-order transfer function of

Arps can be obtained as

voltage at node 2.

Using (4.7) and (4.1), we can obtain I P3 and OIP3 as

A2
TIP3 = 10logo(=22) + 30, (4.8)
87"5
OIP3 = IIP3 + Gain, (4.9)

where the unit of I7P3 and OIP3 in these two equations are in dBm.
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Figure 4.6: Comparing I P2 versus I between Volterra series method in Matlab and Har-
monic balance in ADS at f; + f.

10
device area:0.12*18 pm2
5 L
0 L
£
m
T -5
™
o
_10,
* mathmatical derivation
-1y = nonlinear current source ]
=== ADS in mextram model
_2 1 1 1 1 1 1
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Figure 4.9: Comparing I1P3 versus I~ between Volterra series method in Matlab and Har-

monic balance in ADS at 2f; — fs.
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Figure 4.7: Comparing OIP2 versus [o between Volterra series method in Matlab and
Harmonic balance in ADS at f; + fs.
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o #* mathmatical derivation
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== ADS in mextram model

|
-
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Figure 4.10: Comparing OIP3 versus [~ between Volterra series method in Matlab and
Harmonic balance in ADS at 2f; — fs.

Fig. 4.9 and Fig. 4.10 show the plot of 11 P3 and OIP3 vs I between calculation and
ADS simulation respectively. Rg = Ry = 50€), fi = 2GHz and fy = 2GHz + 6MHz. We
can find that two curves based on Volterra series can match well. Because of simplification
of Volterra series’” model, Harmonic balance implemented in ADS cannot match well with

Volterra series method at higher /..
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4.2 Third-order intermodulation distortion cancellation

One of the advantages to analyze I P2 and IP3 is that we can reduce this nonlinear
distortion to meet the increasing demands on linearity made by todays mobile communication
standards. Generally bipolar devices are strongly nonlinear due to their exponential terms.
In order to achieve linearity, dc power consumption will be increasing since linearity is traded
off against collector current. Thus it is important to find a way to facilitate linearity at low

dc collector current. This IM3 cancellation approach is based on [5].

Ls

e TR
| S

b c

A

VSC—D GT CnT égn <+>ngbe [] Z

I

Figure 4.11: Simplified model of a bipolar transistor in common-emitter configuration.

First, we calculate the full expression of IM3 and decide the requirements for low-
frequency cancellation. Fig. 4.11 shows the large-signal model of a bipolar transistor. We
assume the base-emitter depletion capacitance C; approximate to a constant value when Vj,
change at a very small range. The influence of Cj, can be ignored at low frequency because
it only has a big influence at high frequency. Thus either using the approach of nonlinear

current source or directly nonlinear circuit calculation, the first-order transfer function can

be obtained as|[5][6]

. _ngL(S)

Hiy(s) = NGs) (4.10)

where N(s) = [1 + Zg(8)gx + s(Cy + Cr) Zs(s)]. Zs(s) is the source impedance which does
not include base resistance. Because Rp = 8.6() can be neglected when comparing Rp with
Rgs. Zp(s) is the load impedance. We can find ¢,,, ¢, and C; in equation (1.21),(1.24) and
(1.37).

41



Then the expression of the third-order Volterra kernel which is calculated at third-order

intermodulation frequency (2w; — ws) is given by

. _gmBZL(251 — 82) [1 + (281 — SQ)CtZS(281 — 52)] T(Sl, S1, —82)

Hs, (51,51, —52) = , (4.11
sa(s1, 51, =52) N(51)2N(—s2)N(s1 — s2)N(2s1)N (251 — s2) (4.11)
where
T(s1,81,—52) =1 — g:Zs(s1 — 52) — 2(gx)?Z5(251) Zs(s1 — $2)
+281(81 — 82) [(Ot — 207r>(0t + Ow)] 25(281)25(81 — 82) (4 12)
1 — 52)[Cr — Ol 429, Z5(250))] Zs(s1 — )
4251 [Cy — g (Cy + 2C1) Zs(s1 — 82)] Zs(251).
IM3 can be calculated as[5]

3 H3 (51 S1 —82)
IM3 = S A? |22 2270 4.13
4 H12(81) ( )

where A is the amplitude of input voltage. Substituting (4.11) and (4.12) into (4.13), then

we can rewrite IM3 as

A2
8V2

1+ (251 — 52)CiZs(251 — $2)] T'(s1, 51, —S2)

IM3 = N(Sl)N(_52)N(51 — SQ)N(QSI)N(QSI — 32)

(4.14)

The numerator in equation (4.14) relates two part, (2s1—52)Cy Z5(2s1—52) and T'(s1, $1, —S2).
In the first part, both Cy and Zg work at the third-order intermodulation frequency (2s; —ss).
Thus this term can be canceled when using an inductance as source impedance at this certain
frequency. The second part T'(sq, s1, —s2) is expanded into equation (4.12). It is clear that
the linearity parameters and source impedance of this term only depend on the second-order
intermodulation (/M2) frequency (s; — s2) and the second-order harmonic (Hs) frequency

(2s1). In order to result in a cancellation of M3, T' should be zero at some value. At low
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frequency, (4.12) can be rewritten as

T(s1,81,—82) =1 —g:Zs— 29> Z3. (4.15)

When setting T'(sq, $1, —S2) in (4.15) to zero, we can achieve the source impedance

cancellation requirement at low-frequency

Tr ﬂf‘/;f
To= L ="t 4.16
ST 9 T 21, (4.16)

At high frequency, substituting Zg(s; — sa) = Zg(2s1) = rg into (4.12) and setting 7'

equal to zero, T'(s1, s1, —s2) in (4.15) can be rewritten as

0 = 2s1(s1 — 52) [(C; — 2C;)(Cy + Cr)] %
—|—(81 — 52) [Ct — Cﬂ-(l + 2gﬂ7'5)] Ts (417)

+251 [Ct - gw(ct + 20%)7“5)] TS,

where 1 — g,rs — 2(gx)*r% can be ignored when comparing this part with terms relate to
S1— Sg or s1. Similarly, the part of 2s; and s; — s, can also be ignored when comparing them

with terms relate to 2s1(s; — s2). Thus (4.17) can be rewritten as

0 = 2s1(51 — 82) [(C; — 2C)(Cy + Cr)] 7%, (4.18)

assuming s; and s, close with each other,

0 = 457 [(Cy — 20:)(Cy + Cp)] 2, (4.19)
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Cy = 2C; and C; = —C;; are two solutions of (4.19). Because C; cannot be a negative value,

thus I M3 cancellation requirement at high frequency can be obtained as

I
C, =20, = 27;-5. (4.20)

Vi
Within these two requirements, a frequency independent cancellation of T can be
achieved. We can observe that I- at which cancellation occurs is fixed for a given C} and

7r. Thus (4.16) and (4.20) can be rewritten as a single requirement for Zg at fixed I¢

T C
Zs(Sl — 82) = 25(281) =Ts = @ (IC = ‘/t—t) (421)
Ct 27'f
C
Zsl—l a2 tx:|| Ca
—_—J ” -
+ = = [] Z|_
Vs C_) Ct CI'I 8n 8mVbe

I

Figure 4.12: The circuit for high-frequency oip3 cancellation[5].

Fig. 4.12 shows the circuit used for high-frequency /M3 cancellation. Since capacitance
Cye added to our model, the expression of this circuit should be recalculated. Using nonlinear

current source method in Fig. 4.12; the first-order transfer functions can be produced as[3][5]

Y(S) . Hl(S) = ]Nl,

YS(S) + gr + S(Ct + Cﬂ- + Cbc) —SC[,C H11 (S) B YS(S) (4 22)

gm — SChe Y1.(s) 4+ $Che Hy,(s) 0
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where Y'(s) is the admittance matrix of the circuit, H;(s) is the first-order Volterra kernel
transforms of the node voltage, IN1 is the vector excitation when source voltage (Vs) equal

to 1 (V). Then by solving (4.22) using Cramer’s rule, Hi,(s) can be given as

— _(gm - Scbc)ZL(S)
14 Zs(8)gn + $Cre(1 4+ Z1(s) + Z1(8)(gm — $Che)) Zs(s) + s(Cy + Cr) Zs(s)
(4.23)

H12<S)

(4.10) can be obtained when setting Cj,.=0 in (4.23).
Then the second-order Volterra kernel transforms of the node voltage can be solved in
the same way

Hs (51,5 —(tnl2cm 4 inl2gm
Yi(sitsa)-| SO I | _ IN,, (4.24)

Hy,(s1,52) —inl2gm

where Ho, (s1,82) and Ha,(s1, $2) are the second-order ransfer functions. INj is the matrix
of the nonlinear current sources of order two which are parallel to their linear equivalents

respectively in Fig. 4.12. The second-order nonlinear current sources are

inl2gm = gn2Hq, (s1)Hy, (s2)
inl2gm = gm2H1,(s1)Hy, (s2)

inl2cm = (81 + s9)em2Hy, (s1)Hy, (82) (4.25)

Using Cramer’s rule, Hy, (s; + $2) and Hs,(s; + $2) can be solved

—(YL(5) + (51 + 52)Che) (inl2g7 + inl2em) — (51 + S2)Cheinl2gm
det(Y (s1 + s2))
—(Ys(s) + gm + (s1 4+ $2)(Cr + Cy + Cy,) )inl2gm
det(Y (s1 + s2))
(gm — (81 + 82)Che) (inl2gm + inl2cm)

* et (Y (51 1 52)) | (4.26)

H21($1,32) =

H22(81,32) =
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The third-order transfer functions of node 2 can be obtained as

Hs (51, 589,58 —(inl3cm + inl3gm
Y (51 4 82 + 53) - S P ) — INs, (4.27)

Hs,(s1, S92, S3) —inl3gm

where Hj, (s1, S2,53) and Hs,(s1, S92, 53) are the third-order Volterra kernels. INj is the
nonlinear current sources of order three. These current sources are placed parallel with their

equivalents in Fig. 4.12 which is given by

anggﬂ' = g7T3H11 (Sl)Hll (82>H11 (Sg) + 297T2H11H21

inl3gm = gm2Hy, (s1)Hy, (s2) Hy, (s3) + 2gm2Hy, Ho,

inl3cm = (s1 + so + s3)(em3Hy, (s1)Hy, (s2)Hy, (s3) + 2cm2Hy Ho,), (4.28)
where
———  Hy,(s1)Hy, (82, 83) + Hi, (s2) Ho, (81, 83) Hi, (53) Ha, (81, 52))
H11H21 - ( 3 )

By solving (4.27) with Cramer’s rule and setting s; = s = jwl, s3 = —jw2, Cy. = 0,
we can get equation (4.11).

Since for high-frequency capacitance Cj. would cause a voltage-current feedback to the
base, this feedback influence the condition of IM3 cancellation at input. Thus the voltage
drop across C. should be zero for second-order harmonic signals, which means the second-

order voltage at the base (Vp2) and collector (Vo) must be equal.

Voo = (inl2gm — gmVp 2) Z1(s1 + s2)
ml2gm + inl2cm

VB2 = ;
B2 gs(s1+ s2) + gm + (s1+ $2)(Cy + Cr)

(4.29)
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where g, is the admittance of input impedance. Then by solving equation (4.29), we can

obtain the value of Ry (s + s2) which is used for compensation the disturb of Cj.

mnl2cm + inl2gm
7 — R - 4.30
£(s1+ s2) L inl2gm[gs + gm + (s1 + $2)(Cy + Cr)] — gm(inl2g7 + inl2cm)’ ( )

substituting (4.25) into (4.30) we can obtain

Zu(s1+52) = Ry = gr2t11, (s1) Hy, (52) + (51 + $2)Cro 3, (51) Hy, (52)
e gmaH1, (s1)H1, (52)[95 + g + (51 + $2)(Ch + Cx) — gmGr2 — gm (51 + 52)Cra]
g2 + (51 + 82)Cra

_ , 4.31
galgs T 9n T 1+ 5ot O] — gl + 1 ¥ 5)C]’ BV
Im 9m 9Im 9m
h = = Ony = ——, Cp = my Cro = Tp=— and gna = . (4.31 b
where g 5 G2 26, Trg 2 TfQW and g0 oV, (4.31) can be
rewritten as
dm 9m
+ (Sl -+ SQ)Tf—
28V, 2V,
ZL(81+82> :RL: Bf t ¢
I {gs + Im + (51 + 89)(Cy + ngm)} — Om { Im + (51 + 52)77@
2V, By 265V, 2V,
1
6_ + (81 + Sz)Tf
! , (4.32)
{gs + %_T: + gm + (81 + 82)0,5‘|

1
because (s1 + s2)7 and (s; + s2)C; are much larger than other parts in (4.32), thus —, gs,
9m

By
5— and g, can be ignored. We can obtain R;, as
f

T R
ZL<81 + 82) = RL = aft = B—: (433)

I M3 cancellation depends on the proper ratio between fundamental voltage and second-

order voltage, which means the linear feedback would not influence the cancellation when

Zs is fixed at a proper value.
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Figure 4.13: Equivalent circuit of a bipolar transistor in common-emitter configuration.

Fig. 4.13 shows the circuit of ADS simulation. C'1l, C2, L1 and L2 are capacitance and

inductance of bias tee respectively. In order to meet requirement of (4.21) and (4.33), these

capacitances and inductances should be very large which are set as C1 = C2 = 10F and

L1 = L2 = 10H. There has two DC' voltage and one power source with N level frequency

and power. X8 is a Mextram bipolar transistor, device size is 0.12x 18um?.
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Figure 4.14: IM3 cancellation result in different fundamental frequency with MULT=1,
where Rg = 4361.52 and R; = 10.912

Fig. 4.14 shows the simulated OI P3 versus I at different fundamental frequency and
a fixed Af = 6MHz. We can get a approximate value of C; and 7y by using Cj. versus
gm curves which is similar to Fig. 4.3. When MULT =1, C; = 52fF and 7y = 0.63ps.
Thus Rg = 4361.5€2 can be calculated in (4.21), R, = 10.9Q2 can be calculated in (4.33). I¢
at which cancellation occurs is equal to Vt%, then I = 1.1mA can be calculated. Using
Harmonic balance in ADS simulation, we can find that I for peak OIP3 is around 1.18mA.
It means the calculated I is close to the simulated Ic. 3 = 400.

I at peak OIP3 under frequency of 1GHz, 2GHz, 5GHz and 10GHz are not far
away from each other, which means the peak OIP3 is largely independent of frequency as

expected from expression. But when comparing /o for peak OI P3 at high frequency to the

Ic at low frequency, there still exists some difference.
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Figure 4.15: IM3 cancellation result in different fundamental frequency with MULT=2,

where Rg = 2647.7C2 and R; = 6.162

Fig. 4.15 shows OIP3 versus I when MULT = 2. Since the device size changed in
a ideal way when changing MULT, C; and 7 should be recalculated. Similarly, C; and 7
can be obtained from Cj. — g, plot, C; = 104.1fF, 74 = 0.641ps. Within (4.21) and (4.33),
Rs = 2647.7Q2 and Ry, = 6.1652. I = 2.1mA can be calculated from (4.21). The simulated

Ic for peak OIP3 is around 2.05mA, which is very close to the calculated Io. By = 430.
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Figure 4.16: IM3 cancellation result in different fundamental frequency with MULT=5,
where Rg = 1220.2€2 and R;, = 2.6}

Figure 4.17: C; changed with MULT.

Fig. 4.16 shows OIP3 versus Ic when MULT = 5. Similarly, C} and 7 are obtained
from Cye — g, plot, Cy = 260fF', 7y = 0.675ps. Rg = 1220.2Q2 and R;, = 2.612 are calculated
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from (4.21) and (4.33) respectively. I = bmA can be calculated from (4.21). The simulated
I in Fig. 4.16 is around 4.8mA, which is close to the calculated I. 5y = 470.

We can find that /- under peak OIP3 get closer when MU LT become larger. In this
MULT scale, C; is proportional to MULT which is shown in Fig. 4.17, current inversely

proportion to MULT'. 74 doesn’t change much.

25

= 1G Hz in ADS
=== 2G Hz in ADS
=== 5G Hz in ADS
201 === 10G Hz in ADS

= 100M Hz in ADS

’5157
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5 MULT =5
R.=1220.2Q
R =26Q

%2 3 4 5 6 7 8 9 10
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Figure 4.18: IM3 cancellation result in different fundamental frequency with MULT=5,
where Rg = 1220.2Q2 and R; = 26f).

Fig. 4.18 shows OIP3 versus I when MULT = 5. All parameters are the same as
Fig. 4.16 except R;. We change R; 10 times larger than R; we used in Fig. 4.16 and find
that I = 2.9mA under peak OIP3 in ADS simulation is no longer close to the calculated
Ic = 5mA. IM3 cancellation even not occurs at 100M Hz. Thus R;, should be calculated

from (4.33) and /M3 cancellation is not independent of Ry,.
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Figure 4.19: Comparing I M3 cancellation at fundamental frequency of 2GHz, MULT=5,
Rg = 1220.2Q2 and R = 2.65).

Fig. 4.19 shows the plot of IM3 cancellation in Matlab and ADS simulation. The
Volterra series model use in Matlab does not include C}. influence but Harmonic balance
implemented in ADS simulation includes it. We can find that the value of I under peak
OIP3 of Volterra series is around 4.8mA, I for peak OIP3 of Harmonic balance is also

around 4.8mA, and the calculated I for peak OIP3 from (4.21) is 5mA. They are very
close at 2GH z.
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Figure 4.20: The circuit used for IM3 cancellation which placed a capacitance C5 parallel

with base-emitter junction.

Scaling MU LT is one way to change the position of I under peak OI P3, another way
give more freedom choice of I is to place a capacitance C3 parallel to base-emitter junction

which is shown in Fig. 4.20.
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Figure 4.21: IM3 cancellation result in different fundamental frequency with Claraier =

10fF, where Rg = 4064.5¢2 and R; = 10.1652
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Figure 4.22: IM3 cancellation result in different fundamental frequency with Claraiier =

100f F, where Rg = 1657.9C2 and R; = 4.14Q)

Fig. 4.21 shows the I M3 cancellation when placed a capacitance with C3 = 10fF to

base-emitter junction. Similarly, C} = 52fF, 74 = 0.63ps can be obtained from Cye — gy,
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plot. Rg = 40642 and R, = 10.1652 can be calculated using (4.21) and (4.33) respectively.
I = 1.3mA is calculated from (4.21). The simulated /o in Fig. 4.21 is around 1.3mA at
four higher frequency, which is close to the calculated Io. 5y = 400.

Fig. 4.22 shows the I M3 cancellation when placed a capacitance C3 = 100 f F' parallel to
base-emitter junction. Cy, 7y and B¢ are the same as above. Rg = 1657.9Q2 and Ry = 4.14()
can be calculated in (4.21) and (4.33). Ic = 3.1mA is calculated from (4.21). The simulated

Ic in Fig. 4.22 is around 2.45mA at four higher frequency.
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Chapter 5

Conclusion

In this thesis, nonlinearities of SiGe HBT are discussed and calculated by using volterra
series and direct derivation approach.

Chapter 1 introduces the importance of nonlinearities in electric ciruit. Because these
nonliearities will create distortion in the signals that we are interested in amplifying and
transmitting. There are two types of nonlinearties, harmonic and intermodulation which is
based on different frequency we used. Thorough understanding of HBT physical nonlinearties
is very necessary.

Chapter 2 illustrates the nonlinear current source approach of obtaining Volterra series.
Volterra series is a general mathematical approach for solving nonlinear systems, and non-
linear current source method is a way that put nonlinear current source parallel with each
nonlinear element. The basic matrix is Y (s) - H(s) = I(s). Solving transfer function H(s)
at first-order, second-order and higher order we can obtain the output of nonlinear system.

Chapter 3 illustrate direct derivation approach.

In chapter 4, two approaches are compared with each other in Matlab. We also do
Harmonic balance simulation in ADS with Mextram model and compare results with Volterra
series approach. The plots of nonlinear current source and direct derivation approach are
exactly the same, and they are very close to the simulation result. Based on the theory of
Volterra series I M3 cancellation is discussed in this chapter. Zg = 55—7 and Z; = % = Ig—}f
are the requirements of I M 3 cancellation at both low frequency and high frequency. I under
peak OIP3 in ADS simulation is very close to the calculated Io at 1IGHz, 2GHz, 5GH =
and 10G'H z with the same Af, but not good at low frequency 100M Hz. I M3 cancellation

is strongly dependent of Ry and Rg. Cp. will has a big influence of IM3 cancellation at
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high frequency. From the simulation results, /- under peak OIP3 get closer when MULT

become larger.
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