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1 | INTRODUCTION

Intermodulation distortion is a quantity of major significance in circuit design; intermodulation and harmonic distor-
tion characterize the linearity of a circuit, and thus their behavior is considered crucial in the performance of power
amplifiers, radio-frequency amplifiers,' low-noise amplifiers, filters, and more.

The most popular test to measure intermodulation distortion is the two-tone test,”* where two sinusoidal signals at
frequencies w; and w, drive the circuit under consideration. The result is the generation of intermodulation products at
frequencies +mw, + nw,, wherem,n=1,2,3,...; the sum m+n is the order of the corresponding intermodulation
product.

Of particular interest is the behavior of the third-order intermodulation products at 2w, — @, and 2w, — w,, since
these frequencies are very close to the original input signals, should w; =w -4, and w, =w +4§,, with §, < w. As a
consequence, the third-order intermodulation distortion IMs, defined as the ratio of the power of the aforementioned
third-order intermodulation products to the power of the input signals, is one of the most common intermodulation
distortion metrics and the estimation subject of this article.

Usually, the estimation of intermodulation distortion is performed by simulation methods like harmonic balance or
shooting.*> However, these methods can be time-consuming and computationally expensive®’; this has favored the
development of dedicated methods for distortion estimation. The use of the Volterra series>®° remains a popular
approach, yielding very accurate distortion results. Its drawback is that the mathematical expressions of the involved
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FIGURE 1 G, -stage representation © 2020 IEEE. Reprinted, with permission, from "A General
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operators become very complicated as the number of circuit elements rises, making their manipulation practically
unmanageable.

Other existing methods include the use of linear-centric circuit models to account for individual distortion contribu-
tions'’; the method is based on the Volterra analysis framework and gives very accurate results. However, it requires a
steady-state analysis to be initially performed. For weakly nonlinear fully-differential G,, — C filters of any order, a sys-
tematic state-space approach has been proposed'’; the approach results in a fast distortion estimation, but it is devel-
oped for this particular circuit family. A distortion contribution analysis by means of the best linear approximation has
been recently proposed'?; it distinguishes itself from classic distortion methods by adopting a noise-like analysis, being
able to handle complex excitation signals and strong nonlinearities. Its trade-off is an increased simulation time. Vari-
ous harmonic distortion estimation methods that rely on algebraic manipulation of simplified amplifier models'**!
offer circuit intuition and could be modified to account for intermodulation distortion, but they are usually tailored for
specific amplifier topologies, requiring extensive algebraic manipulation in order to be used for more general cases.

This article uses the same principles as our work on harmonic distortion estimation®* and presents its standalone
counterpart for the more complex problem of estimating the intermodulation distortion in CMOS circuits that exhibit
weakly nonlinear behavior. The proposed method offers a compact and systematic way applicable to general circuit struc-
tures with any number of stages, ranging from simple transconductor stages to filters and cascaded amplifiers. The estima-
tion of IM; is characterized by a high level of accuracy and is performed on a G,,-stage equivalent model of the circuit
under consideration. Each G,,-stage captures the current-characteristic of its corresponding stage accurately by employing
a more involved current model and curve-fitting. All the necessary mathematical expressions are provided to the potential
reader, enabling the immediate application of the proposed method. The method is easily implemented in numerical com-
puting environments like MATLAB or Python and gives a very fast distortion estimation due to its formulation.

The remainder of this article is organized as follows. Section 2 presents the modeling of CMOS stages and the deriva-
tion of the model coefficients, while Section 3 introduces the proposed method for the estimation of intermodulation dis-
tortion. Section 4 validates the method's accuracy by comparison with simulation, and Section 5 concludes the article.

2 | MODELING CMOS STAGES AS Gy-STAGES

CMOS circuits are eventually interconnections of distinct CMOS stages. A CMOS stage that produces an output current
as a response to an input voltage can be considered and modeled as a G,,-stage, like the one presented in Figure 1. Gen-
erally, the output current of a CMOS stage is a nonlinear function of its input and output voltages. This nonlinear
nature causes distortion generation; thus, it comprises the vital behavior to be captured by the stage's corresponding
G,,-stage model.

It is reported that parasitic capacitances in MOS transistors do not substantially contribute to the generation of dis-
tortion; mainly, they reduce the magnitude of a stage's output impedance at high frequencies.>>** This makes possible
the formation of a G,,-stage model that is based solely on the DC-characteristics of its corresponding CMOS stage. A
way of obtaining such a model is by approximating the stage's output current with a power-series expansion around its
DC-operating point.

2.1 | Proposed G,,-stage model

Throughout this article, GZ} j marks the G,,-stage that has positive input, u;, at node i; negative input, k;;u;, from node ¢,
with k;; a real feedback factor ; and produces output current, iy, at node j. The stage's differential input voltage is

*This particular notation is adopted to capture a range of popular topologies.
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finj =U; _kitjut~ (1)

The itj-triplet” of notation is included in all of the characteristics of a particular G,,-stage, whereas the AC-ground is
marked as r (reference potential). The tilde symbol (~) placed above a quantity is used to highlight that that specific
quantity is input-related. It is also used to mark coupling capacitances, as will be stated later.

Most G,,-stage models express the stage's output current as a power series of its input and output voltages, where
input- and output-related terms are independent of one another.'*!>17!%2° The absence of cross-terms between the two
voltages can however lead to significant deviations and errors.*>*>2°

An accurate model must include cross-products of the input and output voltages of the stage. This has been done at
transistor level,"*>**?”*® where the MOS device acting as amplifier is supposed to admit a 2D or 3D Taylor series
expansion, and the coefficients of the approximation are calculated by means of the partial derivatives of the transistor's
current relationship.

In this article, it is assumed that each G,,-stage's operation is characterized by weakly nonlinear behavior and that
its output current is considered to have a time-domain'"°>? power-series expression* of**%°

. ~k

iyj = Z gjl.‘;unjuf. (2)
k,£>0
k+7£>1

In order to combine good accuracy with reasonable complexity, it is set k + £ =1,2,3, and (2) becomes

s — 105y 20~2 30~3 01 02,2 03,3 11~ 1~2 12~ 2
Lij _gitj Uitj + gitj uitj +gitj uitj + gitj U; +gitj uj +gitj uj +gitj UijU; + gij uitjuj +gitj ui,juj . (3)

The gﬁf -coefficients of (3) characterize each G,,-stage.

2.2 | G, -stage equivalent circuit representation

An equivalent G,,-stage representation of a circuit can be constructed by identifying the CMOS stages that the circuit is
composed of, and their interconnections. Standard CMOS stages include the differential pair, the common-source,
common-gate, and source-follower stages; stages that result from combinations of them, such as a cascode stage, can
either be represented by the individual G,,-stages of their basic blocks, or even be treated as a single, individual stage.
Fully-differential structures can be easily modeled by single-ended G,,,-stages. More details on the formulation of CMOS
stages as Gy,-stages and the construction of a circuit's G,,,-stage equivalent can be found in our work on harmonic dis-
tortion estimation.?

A specific procedure for identifying the CMOS stages and decomposing a circuit automatically is out of the scope of
this article. A possible, semi-automatic option would require the designer to mark each distinct stage during the design
process, in the same way different subcircuits are represented and connected by their higher-level symbols. Then, the
process of deriving the gﬁf -coefficients of each stage and the mapping of the circuit's G,,-stage equivalent could be
automated.

23 | G,,-stage model coefficients

Most of the works in the literature and various analyses derive the model's coefficients by a Taylor series expansion at
the DC-operating point of the stage. Such an approach, however, yields accurate results only locally and for small signal

fCommas between i, t, and Jj are omitted in coefficients, voltages, and currents for simplicity.

*The k¢-superscript in gﬁf -coefficients indicates the corresponding power of aﬁ.;j and uf .
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amplitudes.®® In order to capture in detail the amplitude-adjusted nonlinearities of each stage, the gw -coefficients
of (3) of each model are instead derived by curve-fitting, through a three-step derivation procedure® that involves the
following.

2.3.1 | AcC-analysis for estimation of amplitude levels

Given the decomposition of the complete circuit into its distinct CMOS stages, an initial AC-analysis is performed in
order to estimate the maximum expected signal amplitude at the input and the output of each stage, in the frequency
range of interest.

2.3.2 | 2D DC-sweeps for model coefficients derivation

Each stage of the circuit is set to its input and output DC-operating points, and a 2D DC-sweep of its unloaded output
current is performed. The sweeping ranges for the stage's input and output voltages are the maximum input and output
amplitudes derived in the AC-analysis, with r; and r, number of steps, respectively.

2.3.3 | Model coefficients extraction via linear regression

The acquired data from the 2D DC-sweeps are processed in a linear regression fashion to derive each stage's glt]
-coefficients. More specifically, a linear least-squares problem>* is formed

I,=UG, (4)

where [ gER(’l"Z)Xl is a column matrix with the values of the stage's output current, and the matrices U and G are
defined as

— .. 02 3 . 2 3 .. T X9
U = [ult], Uyjs Uy Uy, U7, U3, Uigl, ultju], WU }ER(l 2) % (5)
_ [ol0 520 530 01 502 503 11 21 5121T —pmoxi
G = [gitj’ 8iij» 8itj> 8irj> 8ij> 8ifr 8o 8t gitj] ERT. (6)

The solution of (4) gives the gm “_coefficients of the corresponding stage.

3 | INTERMODULATION DISTORTION ESTIMATION

The proposed intermodulation estimation method can be performed in general circuit structures, like the one of
Figure 2.** The circuit may be composed of G,,-stages, resistors, and capacitors. Each circuit node j, j=0,1,...,n, can
have a resistor, R;, and a capacitor, C;, connected to ground, while coupling between nodes # and j can be prov1ded by
capacitor Cy;. Each node can also have an excitation signal as an independent current source, i;.

For each node j, it is

i+ Zln} ZLC/— +Cuj, (7)

where current i, of coupling capacitor éfj is given by

A more detailed description of the proposed derivation procedure can be found in our work on harmonic distortion estimation.**
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FIGURE 2 General circuit structure, composed of G,,-stages © 2020 IEEE. Reprinted, with permission, from "A General Time-Domain
Method for Harmonic Distortion Estimation in CMOS Circuits"*

ic, = Cej (e —y) = ~ig,,- (8)

Thus, (7) is reorganized as
2 . A uj A :
i+ g+ Y _Crytie = 2t <Cf + Z%) tj. (9)
it ¢ J ¢

In order to estimate the intermodulation distortion IMj, it is assumed that the circuit operates in steady-state and
that the voltage of node j is of the form

wo= ul +ul, (10a)
J = 0TS/, (100)
ur = "S. (10c)

That is, it is assumed that the voltage of each node j has two components. The first component, u!, includes the funda-
mental tones at frequencies w; and w,. The component of u;* represents the desired intermodulation products at
2w, — w, and 2w, — w,, and also includes the dominant harmonic and intermodulation tones that are involved with
their generation; due to the nature of intermodulation distortion, including only 2w, — @, and 2w, — @, in ujm would
result in a poor estimation of IMs. The additional tones interact with the fundamental ones and significantly contribute
to the power levels at 2w; — @, and 2w, — w;.

For a combination of good accuracy and reasonable complexity, the additional terms that are taken into account are
products of up to the third-order. Given the assumption of weakly nonlinear stage behavior, products of higher order
than that will have much smaller power, and so, negligible contribution to the desired intermodulation products. Thus,
the additional tones considered are w, — wq, 2w, 2w,, 20, + ®,, 2w, + @1, 3w,, and 3w,, where it is assumed that
Wy > W1.

Returning to (10b) and (10c), vectors® #/ and 6™ contain the sin and cos terms for the two components, while vec-
tors ij and S;" feature the corresponding amplitude coefficients. So, it is

ij = [aj,l, bj,l, Cj1, dj,l]T€R4X1, (11)

Ivectors ¢ and 6™ are functions of time, so a more accurate notation would be that of @/(£) and ™(t); time is omitted for simplicity.



BAXEVANAKIS ET AL. W l L E Y 1249

Sjm = [fj, m]', aj,z, bj,z, Cj,z, djyz, ej, fj, hj, rj, pj, Vj, xj’ yj’ aj,3a bj,S, Cj,3: dj,3]T€R18X1, (12)
0/ = [sin wt, cos wit, sin wat, cos wyt]ER*?, (13)
0™ = [sin (wy—w1)t, cos (wy—wn)t,

sin 2w t, cos 2wqt,

sin 2w,t, coS 2w»t,

sin (2w —w;)t, cos (2w; —w)t,

sin (2w, —w1)t, cos (2w, —w)t, (14)
sin (2w; + wy)t, cos 2wy + wy)t,

sin (2w, + w1)t, cos (2w, + w)t,

sin 3wit, cos 3wit,

sin 3w,t, cos 3w,t|ER*18,

The excitation current source of node j, fj, is described in the same way by

=i+ (15a)
i/ = ¢/p/ (15b)
= U5
m
i = 0"P, (15¢c)
where
P/ = (41, b1, &, djy] €R (16)
i = [aj,l, IROINYAD j,l] € )
m S . P R 9 P N s A A 3 1" e pisx1
P = [fj, mj, o, bja, G, din, €, f5 Wy, T Py Uiy X Y G, bz, G3, dis| €RUT (17)

For convenience, it is assumed that there is only one excitation signal in the circuit under consideration, and it is
placed at node 0. If more than one excitation signals exist, they are included as independent current sources at the
corresponding nodes.

The estimation of IM; requires the estimation of the fundamental tones coefficients and the coefficients of the inter-
modulation products; that is, it is required to know vector ij and the elements e, f;, hj, and r; of S;”, for all j; thus, to
compute S]f and S, for all j.

3.1 | Fundamental tones estimation

The fundamental tones at @, and w, are expected to be unaltered by involvement of intermodulation and harmonic
products since all G,,-stages are assumed to have weakly nonlinear behavior.?* As such, the component (10b) of each
node j should satisfy the linear part of (9). Thus, the output current of stage G/} ;, lf; is considered to be the linear part
of (3)

if;=0' (195! ~gitkys! +3is]). (1)

itj itj =i 1l

Relying on (9), the above expression of igj can be exploited in order to form a system of equations for the coefficients
of the fundamental tones of the complete circuit. Let
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0 -1

L{I:diag(wl,a)z)@{l 0 :|€R4X4, (19)

where diag(...) is a diagonal matrix and ) denotes the Kronecker's product.®> Then, the derivative of (10b) can be
expressed as

gl of f
i =0'S =6'Lls]. (20)

The above results are valid for any tc®. Since ¢/ consists of four linearly independent functions of time and
embodies four independent equations with respect to the coefficients of sin and cos, it can be eliminated. Thus, the
combination of (9), (18), and (20), followed by the elimination of 0/, yields for node j

- 1 -
PI+> glfs] = “gifkiyS! + zf:cij;js; = (E,» - Zgg}> s/ + (Cj + ;cf,) Lis!. (21)
it it it

Let the vector of the coefficients of the fundamental tones of all voltages be

T

. T T
s/ = [(sg) (sh) (sg)ﬂ eRH X1 (22)
and, accordingly, consider the vector of the coefficients of the excitation current source”
T T
Pl = {(P{;) , (0, 0, 0, 0), ..., (0, 0, 0, 0)} eRHnTDXL, (23)

Then, the equivalent of (21) for all nodes can be constructed in block-matrix form
Pl + (GF+KS + FI)s! = (17 + w/)s/. (24)

The matrices involved in (24) are defined as

Gl = [Ztgllg}zi:0®l4€@4(n+l)><4(n+1)’ 25)
K/ = [—Zigilgkitj]zt:o®I4€R4(n+l)><4(n+1)’ 26)
Ff = I:éfj:l;ff:0®L£)€R4(n+1)X4(n+1)5 (27)

. 1 "
T/ = dlag<{Rj—Zi,tgg}] >®I4€R4("+1)><4(n+1), (28)

j=0

*If more than one excitation signals are present, they should be included at the corresponding entries of the vector.
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wi = diag([cj + Zféfj];:o) ®L£ER4<"+1)><4("+1)’ (29)

where I, is the n X n identity matrix. The coefficients of the fundamental tones are immediately obtained by

s/ =1/ -G/ -k + W/ - F/] 7P/, (30)

3.2 | Intermodulation products estimation

The nonlinear terms of (3) are the cause of the generation of the intermodulation and harmonic products, (10c), in each
node j. The estimation of the distortion terms by the inclusion of all generated terms in (3) after substitution of all volt-
ages in the form of (10a) results in a nonlinear problem that is challenging and not computationally efficient.

Inspecting (3) alongside (10a), it follows that the generated coefficients of the intermodulation and harmonic prod-
ucts will ultimately be a sum of products of

a. only coefficients of fundamental tones,

b. a single intermodulation or harmonic coefficient to the power of one and one or more fundamental tone coeffi-
cients, and

c. higher orders or products of intermodulation and harmonic coefficients.

Products (c) will contribute negligible power and can be safely ignored,** for the amplitudes of the intermodulation
and harmonic products are expected to be much smaller compared to the ones of the fundamental tones. As such, for
the estimation of the intermodulation products, the output current of stage Gy} j can be approximated by

i = 0" QoS! ~glikigSy" + ghy S + Zig + XiyS! + Xy Sy + XIS, (31)

Equation (31) takes into account the linear part of (3) and the kept products (a) and (b), included in terms 6"Z;;

and 0™ (X" St 4+ Xt S+ X1 S'”) respectively. The above reasoning results in a linear form of i}, making the estima-

itji~i itj itj itj

tion problem of the intermodulation coefficients linear. The terms introduced in (31) are given by

Ziy = I:(Z;])T’ (Zzﬂtj) ’ <Zzytj> ]TGRIgXl’ (32)
where
Zg; gl[jAH, +81 A +glt]2 i ERC™L, (33)
Zﬁj = ngYl,,+gm§Y +gm2VlU+glU2 i ERPX, (34)
Zl; = ggg?%zénj@Sﬂj +g0 4R Os! +g2 2El,ij +gi7 2E Sl,]eR“Xl (35)

and (&) denotes the Hadamard's product. 36 Matrices X¢ ;’;j, x? o and X are defined as

3. 1
X% = g¥Niyj+ g?giMnj +8ij 5N,- +gi> > Qm +8i7 2M cR1B*18 (36)
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Xﬁj — _kit] ltj RISXIS (37)

1- 1.- 1
_ 1 1 12 18 X 18
Xl = 8uN; +gu,2 j+gi1g§Nnj +gi2g§Mitj +8iij 5 QuER s (38)

The quantities that form the matrices of (33)~(38) are omitted for reading comprehension purposes. They can be
found in the Appendices A and B of this article.

In a similar manner to the estimation procedure of the coefficients of the fundamental tones, the expression (31)
of ijj; is used to form the corresponding system of equations for the intermodulation coefficients, relying again
on (9). Let

0 -1
u) —dlag(coz—wl,Za)l,sz,Zcol—w2,2w2—a)1,2w1 +CO2,20)2+601,3CU1,3602)®|:1 0 :|€R18X18 (39)

to express the derivative of (10c)
=0"S"=g"LrS". (40)

By similar reasoning as earlier, vector function ™ can be eliminated. Combining (9), (31), and (40), while eliminating
0™, results in the following equation for node j:

(P;" . zzm) + SalpST ek Sy + X (XG S+ XS+ XST) + LSy
it it it it 4

(41)
( Zg”}> (Cj + ;Ca) LzSJm
Consider the vector of the coefficients of the intermodulation products of all voltages of the circuit
T

st =[S ()" e (sp)T] emiser (42)

and the vector of the excitation current source!

m o s 17 18(n+1)x1
P" = —— —— R . 43
[(P(')”)T, 0,..,0), .., (o,...,o)} < (43)
Moreover, define

B™ :Pm+ZmER18(n+1)X1, (44)

where

ITn the case of more than one excitation signals being present, they should be added at the corresponding entries of the vector.
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[Zl tZlU]] cRB(r+1)x1 (45)

As with the case of the fundamental tones, the equivalent of (21) for the complete circuit is grouped in block-matrix
form

B"+(G"+K"+ X"+ F™)S" = (T" + W™)S"™, (46)
where
G" = [Ztgill?];izo®118€R18(n+1)><18(n+1)’ (47)
K™ = [ Zlgztjkltj]j[:0®118€R18(n+1>><18<n+1), (48)
Fm = I:ij] . O®Lm€R18(n+1)X18(n+l> (49)
Js @ ’
1 n
mo_ diag({ﬁj— Ltg?,}] >®118€R18(n+1)><18(n+1)’ (50)
j=0
m _ diag([cj_l_zféﬁ];l:o) ®LZER18(n+1)X18(n+1>, (51)
n n
[ZfXULl . [Zz 10} @[Z let]] cRIB(n+1)x18(n+1) (52)

J :
and @ denotes the direct sum of matrices.*® The desired coefficients of the intermodulation products are given by

S"=[T"-G"—K"—X" + W™ — F"]"'B™, (53)

and the IM; can be estimated at any node j as

(54)

; e+ fi+h +r
M}, = 10log,, < e

2 2 2 2
a1 +bjy + ¢, +djy

An advantage of (54) over the classic approach of estimating IM; by the power ratio of the tone at 2w; — w, over
that at o, is that (54) takes into account the behavior of both input signals and the corresponding intermodulation
products with respect to frequency. Moreover, it allows the input signals to feature different amplitude values.

The method offers a very fast distortion estimation due to its formulation; the estimation of IMj; is acquired by the
solution of two linear problems. Thus, the proposed method gives a closed-form solution, while methods like harmonic
balance or shooting are iterative and converge to a solution subject to a specific tolerance. Another advantage of the
proposed method over methods like the aforementioned ones is that it is unaffected by the value of the beat frequency
that may significantly slow down the latter.

4 | SIMULATION RESULTS

Two simulation cases validate the proposed intermodulation distortion estimation method. The two circuit examples
are implemented in TSMC 90nm technology, and the distortion results are obtained by Cadence Spectre parametric
PSS-analysis in harmonic balance mode. In both cases, supply rails are set to + 0.9 V. The proposed method is
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implemented in MATLAB. The time of distortion estimation dropped from the order of minutes required during the
parametric PSS-analysis, to the order of seconds when using the proposed method.

41 | Two-stage feedback amplifier

As a first example, the two-stage feedback amplifier of Figure 3A is tested. The amplifier has a feedback factor of
$=0.10, a DC-gain of 19.07 dB, and a unity-gain frequency of 7.03 MHz, under a load of 10kQ||2 pF.

Its equivalent G, -stage representation is that of Figure 3B; the differential pair of My — M, is Gg,,, and the
common-source stage of Ms — M, forms G, ,. Miller capacitor C is represented by Cia, Ry, +Rr, =Ry by Ry, and C;, by

Vop

=

M, M, | Vour

Ipias .
—

— Ql

M, M,

Vs Vg

(A) Two-stage feedback amplifier.

(B) G,,-stage equivalent representation.

FIGURE 3 Two-stage feedback amplifier and its G,,-stage equivalent representation
0 Two-Stage Feedback Amplifier - IM3 o Two-Stage Feedback Amplifier - IM3
60 - . ; T - 60 — - - -
--Cadence Simulation --Cadence Simulation
—Proposed Method —Proposed Method
62 -62 —
=) =)
. s B 11 R S S S EETuy N 1 s B S A B S
? -64 ; -64
S 5 -
a5} =5
-66 -66
68! i | ‘ ‘ 68! ‘ ‘ | ‘
100 1k 10k 100k 1M 10M 100 1k 10k 100k 1M 10M
Frequency (Hz) Frequency (Hz)
(A) 5, = 0.01. (B) 5, = 0.05.
o Two-Stage Feedback Amplifier - IM3
60 - - - - -
--Cadence Simulation
—Proposed Method
62 =
3
T
Z L
[
-66
68! ‘ ‘ : ‘ :
100 1k 10k 100k 1M 10M
Frequency (Hz)
(C) 5, = 0.10.
FIGURE 4

IM; of the two-stage feedback amplifier for different &, cases [Colour figure can be viewed at wileyonlinelibrary.com]
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C,. Finally, the amplifier's feedback factor is captured by ka1 =R,/ (R, +Ry,), and the AC-input signal is realized by
the current source i = u;, /Ry that is injected in Ry =1Q.

The amplifier is driven by two signals with an amplitude of 20 mV peak, and fundamental frequencies of
w1 =2r(1-6)f and w, =27(1+ 5y)f. Figure 4 depicts the comparison of the IM; results obtained by simulation to the
ones of the proposed method, for 6 =0.01, 67 =0.05, and 67 = 0.10. The error in the entire frequency range is found to
be less than 0.41 dB for all three cases of 6 indicating a good agreement between the two results.

4.2 | Fourth-order butterworth low-pass filter

Next, a fourth-order butterworth low-pass filter is simulated. The filter's architecture®”*® is shown in Figure 5A,
and the employed OTA is presented in Figure 5B. The filter has a cut-off frequency of 98.82 kHz, and its G,,-stage
equivalent representation of Figure 5C is immediately derived; each OTA is handled as a single G,,-stage, and the
AC-input signal of the structure is again realized by the current source io = Uy, /Ro acting on Ry =1Q.

With two signals of 100 mV peak amplitude, and fundamental frequencies of @, =27 (1—68¢)f and w, =27 (1 + &),
the obtained IMj; results for 6y =0.01, 6 =0.05, and 67 =0.10 are given in Figure 6. The results of the proposed method
are found to be in fine agreement with the simulation ones. In the entire frequency range, the error is less than 0.67 dB
for the case of 67 =0.01, less than 0.58 dB for 6 = 0.05, and less than 0.51 dB for 67 =0.10.

Von Von Vop Von

OTA,
Vin + ]

(A) Fourth-order butterworth low-pass filter. (B) Employed OTA.

u,

(C) G,,-stage equivalent representation.

FIGURE 5 Fourth-order butterworth low-pass filter, its employed OTA, and the filter's G,,-stage equivalent representation
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Fourth-Order Butterworth Low-Pass Filter - IM3
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-40 —Proposed Method 40
-15 ‘ : ‘ 45! : ‘ : ‘
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-30

)
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-40 —
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Frequency (Hz)
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FIGURE 6 IM; of the fourth-order butterworth low-pass filter for different 5, cases [Colour figure can be viewed at wileyonlinelibrary.com|

5 | CONCLUSION

In this article, a general, time-domain method for estimation of intermodulation distortion in CMOS circuits is pres-
ented that can be systematically applied to circuit topologies with any number of stages. It can be easily implemented
in numerical computing environments like MATLAB or Python, and provides fast distortion results that are in good
agreement with the ones obtained by Cadence Spectre simulation.

ACKNOWLEDGMENTS

This research is cofinanced by Greece and the European Union (European Social Fund-ESF) through the Operational
Programme “Human Resources Development, Education and Lifelong Learning” in the context of the project
“Strengthening Human Resources Research Potential via Doctorate Research” (MIS-5000432), implemented by the
State Scholarships Foundation (IKY).

CONFLICT OF INTEREST
The authors declare no potential conflict of interests.

ORCID

Dimitrios Baxevanakis (® https://orcid.org/0000-0001-5297-1456
Vassilis Alimisis (© https://orcid.org/0000-0002-2090-1493
Paul P. Sotiriadis ‘© https://orcid.org/0000-0001-6030-4645

REFERENCES

1. Dobrovolny P, Vandersteen G, Wambacq P, Donnay S. Analysis and compact behavioral modeling of nonlinear distortion in analog
communication circuits. IEEE Trans Comput-Aided Des Integ Circ Syst. 2003;22(9):1215-1227.

2. Wambacq P, Sansen W. Distortion Analysis of Analog Integrated Circuits. 1st ed., The Springer International Series in Engineering and
Computer Science, vol. 451: Springer; 1998.

3. Carusone TC, Johns D, Martin K. Analog Integrated Circuit Design. 2nd ed.: John Wiley & Sons, Inc.; 2011.


https://orcid.org/0000-0001-5297-1456
https://orcid.org/0000-0001-5297-1456
https://orcid.org/0000-0002-2090-1493
https://orcid.org/0000-0002-2090-1493
https://orcid.org/0000-0001-6030-4645
https://orcid.org/0000-0001-6030-4645
http://wileyonlinelibrary.com

BAXEVANAKIS ET AL. W l L E Y 1257

4.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.
26.

27.
28.

29.

30.

31.

32.

33.

34.
35.

36.

Gilmore RJ, Steer MB. Nonlinear circuit analysis using the method of harmonic balance—a review of the art. Part I. Introductory con-
cepts. Int J Microw Millim-Wave Comput-Aided Eng. 1991;1(1):22-37.

. Maas SA. Nonlinear Microwave and RF Circuits. 2nd ed.: Artech House; 2003.
. Tannir D, Khazaka R. Moments-based computation of intermodulation distortion of RF circuits. IEEE Trans Microw Theory Techniq.

2007;55(10):2135-2146.

. Tannir D, Khazaka R. Computation of intermodulation distortion in RF circuits using single-tone moments analysis. IEEE Trans

Comput-Aided Des Integ Circ Syst. 2010;29(7):1121-1125.

. Narayanan S. Application of Volterra series to intermodulation distortion analysis of transistor feedback amplifiers. IEEE Trans Circ

Theory. 1970;17(4):518-527.

. Bussgang JJ, Ehrman L, Graham JW. Analysis of nonlinear systems with multiple inputs. Proc IEEE. 1974;62(8):1088-1119.
10.

Peng Li, Pileggi LT. Efficient per-nonlinearity distortion analysis for analog and RF circuits. IEEE Trans Comput-Aided Des Integ Circ
Syst. 2003;22(10):1297-1309.

Elik A, Zhang Z, Sotiriadis PP. A state-space approach to intermodulation distortion estimation in fully balanced bandpass G,; — C filters
with weak nonlinearities. IEEE Trans Circ Syst I: Reg Papers. 2007;54(4):829-844.

Cooman A, Bronders P, Peumans D, Vandersteen G, Rolain Y. Distortion contribution analysis with the best linear approximation. IEEE
Trans Circ Syst I: Reg Papers. 2018;65(12):4133-4146.

Palumbo G, Pennisi S. Feedback amplifiers: a simplified analysis of harmonic distortion in the frequency domain. In: ICECS 2001. 8th
IEEE International Conference on Electronics, Circuits and Systems (Cat. No.01EX483), vol 1; 2001; Malta, Malta:209-212.

Giustolisi G, Palumbo G, Pennisi S. Harmonic distortion in single-stage amplifiers. In: 2002 IEEE International Symposium on Circuits
and Systems. Proceedings (Cat. No.02CH37353), Vol. 2; 2002; Phoenix-Scottsdale, AZ, USA:II-II.

Palumbo G, Pennisi S. High-frequency harmonic distortion in feedback amplifiers: analysis and applications. IEEE Trans Circ Syst I:
Fundamental Theory Appl. 2003;50(3):328-340.

Palumbo G, Pennisi S. Harmonic distortion in three-stage nested-miller-compensated amplifiers. In: 2004 IEEE International Sympo-
sium on Circuits and Systems (IEEE Cat. No.04CH37512), vol 1; 2004; Vancouver, BC, Canada:I-485.

Cannizzaro SO, Palumbo G, Pennisi S. Accurate estimation of high-frequency harmonic distortion in two-stage miller OTAs. IEE Proc
Circ Devices Syst. 2005;152(5):417-424.

Cannizzaro SO, Palumbo G, Pennisi S. Distortion analysis of three-stage amplifiers with reversed nested-miller compensation. In:
Proceedings of the 2005 European Conference on Circuit Theory and Design, 2005, vol 3; 2005; Cork, Ireland, Ireland:II1/93-I11/96.
Cannizzaro SO, Palumbo G, Pennisi S. New analytical approach to evaluate harmonic distortion in nonlinear feedback amplifiers. In:
Proceedings of the 2005 European Conference on Circuit Theory and Design, vol 3; 2005; Cork, Ireland, Ireland:I11/97-I11100.
Cannizzaro SO, Palumbo G, Pennisi S. Distortion analysis of miller-compensated three-stage amplifiers. IEEE Trans Circ Syst I: Reg
Papers. 2006;53(5):961-976.

Cannizzaro SO, Palumbo G, Pennisi S. An approach to model high-frequency distortion in negative-feedback amplifiers. Int J Circ The-
ory Appl. 2008;36(1):3-18.

Baxevanakis D, Sotiriadis PP. A general time-domain method for harmonic distortion estimation in CMOS circuits. IEEE Trans Comput-
Aided Des Integ Circ Syst. 2021;40(1):157-170.

Kang S, Choi B, Kim B. Linearity analysis of CMOS for RF application. IEEE Trans Microw Theory Techniq. 2003;51(3):972-977.

Toole B, Plett C, Cloutier M. RF circuit implications of moderate inversion enhanced linear region in MOSFETSs. IEEE Trans Circ Syst I:
Reg Papers. 2004;51(2):319-328.

Shi G. Symbolic distortion analysis of multistage amplifiers. IEEE Trans Circ Syst I: Reg Papers. 2019;66(1):369-382.

Baxevanakis D, Sotiriadis PP. Accurate harmonic distortion estimation in CMOS circuits using a cross-product G,,-stage modeling. In:
2020 IEEE International Symposium on Circuits and Systems (ISCAS). IEEE: Sevilla, Spain, 2020:1-5.

Hernes B, Sansen W. Distortion in single-, two- and three-stage amplifiers. IEEE Trans Circ Syst I: Reg Papers. 2005;52(5):846-856.
Blaakmeer SC, Klumperink EAM, Leenaerts DMW, Nauta B. Wideband balun-LNA with simultaneous output balancing, noise-
canceling and distortion-canceling. IEEE J Solid-State Circ. 2008;43(6):1341-1350.

Perez-Verdu B, Cruz J, Linares-Barranco B, Rodriguez-Vazquez A, Huertas JL, Sanchez-Sinencio E. Nonlinear time-domain mac-
romodeling of OTA circuits. IEEE Int Symp Circ Syst. 1989;2:1441-1444.

Zhang Z, Celik A, Sotiriadis P. A fast state-space algorithm to estimate harmonic distortion in fully differential weakly nonlinear G,; — C
filters. In: 2006 IEEE International Symposium on Circuits and Systems (ISCAS); 2006:4-2956.

Zhang Z, Celik A, Sotiriadis PP. State-space harmonic distortion modeling in weakly nonlinear, fully balanced G,, — C filters—a modu-
lar approach resulting in closed-form solutions. IEEE Trans Circ Syst I: Reg Papers. 2006;53(1):48-59.

Sotiriadis PP, Celik A, Loizos D, Zhang Z. Fast state-space harmonic-distortion estimation in weakly nonlinear Gy, — C filters. IEEE
Trans Circ Syst I: Reg Papers. 2007;54(1):218-228.

Scheinberg N, Pinkhasov A. A computer simulation model for simulating distortion in FET resistors. IEEE Trans Comput-Aided Des
Integ Circ Syst. 2000;19(9):981-989.

Sorenson HW. Parameter Estimation: Principles and Problems, Control and Systems Theory, vol. 9: M. Dekker; 1980.

Lancaster P, Tismenetsky M. The Theory of Matrices with Applications. 2nd ed., Computer Science and Scientific Computing: Academic
Press; 1985.

Horn RA, Johnson CR. Matrix Analysis: Cambridge University Press; 2013.



BAXEVANAKIS ET AL.

s | WILEY

37. Koziel S, Szczepanski S, Schaumann R. Structure generation and performance comparison of elliptic G,
Appl. 2004;32(6):565-589.

38. Tsirimokou G, Kartci A, Koton J, Herencsar N, Psychalinos C. Comparative study of discrete component realizations of fractional-order
capacitor and inductor active emulators. J Circ Syst Comput. 2018;27(11):1850170.

— C filters. Int J Circ Theory

How to cite this article: Baxevanakis D, Alimisis V, Sotiriadis PP. An intermodulation distortion estimation
method for linear CMOS circuits. Int J Circ Theor Appl. 2021;49:1244-1260. https://doi.org/10.1002/cta.2961

APPENDIX A: QUANTITIES FORMING MATRICES (33)-(35)

Matrices (33)-(35) are formed by
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ij are known from the solution of S’ by (30).

APPENDIX B: QUANTITIES FORMING MATRICES (36)-(38)

Finally, the forming matrices of (36)-(38) are defined as

8 ;N N =N
0¢ G)izj By 06 @j =
~ ~ N T . T
Ny = (@itj) 0¢ 0 | cRx18 N, = (G)j ) 06 06 | cisxis
=N\T =N T
(:‘itj) 0s 0Og E 0s Og
. )
®itj 06 06 @JNI 06 06
~ ) ' e b T =M M
My = (S{U> SiJ;jI18+ 06 Bigj D, | cRI8X18 M= (ij) 5{118_‘_ 0¢ E! L
~ T -
M M 0, (q)M) \PM
06 ((I)l[]> lPlt] 6 ) f
GSJ 06 06
_\T =0 0
Qy = 2(5{,}-) ij.118+ 06 By Dy | cpisx1s
T
Q Q
06 (Qlt]) lPllj

where 0,, denotes the n X n zero matrix, and
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