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Abstract—A general TCAD framework for the large-signal of the noise sources inside the devices on the output noise
(LS)IHC?ise anal)f/?i? Otf RF C'\/ﬁs CirCfUitS has bleend deyglopled of the circuit, is discussed. As an application of our TCAD
employing an efficient preconditioner for generalized minimal ; ; ; ; }
residual (GMRES) method. In this framework the influence of framework, a. detailed noise ar.]aIySIS. Of. a. single balanc_ed
the noise sources inside the devices on the output noise of thedown-conversmn C_MOS RF mixer _C'rcu_'t IS p_resented n
circuit is calculated using the conversion Green’s function (CGF) Section IV. Conclusions are summarized in Section V.
technique. We expect that the newly-developed TCAD framework

can provide a physics-based and efficient LS noise analysis under ||. FRAMEWORK FOR THE HARMONIC BALANCE METHOD

a mixed device-circuit environment. As an application, noise

behaviors of a single-balanced down-conversion mixer has been \We consider a circuit system consisting of semiconductor

simulated using this framework. devices and lumped circuit elements. A lumped circuit element

|. INTRODUCTION can be fully characterized by its terminal voltages and cur-

As the technology scaling continues, CMOS has becomereant? The semi_conductor equations (Poisson’s equation _and

viable RF technology for portable wireless systems. In mode?ﬁntmu't.y equatlons_ for _electron _and hole) for _each dev!ce

wireless communication systems, mixer and local oscillatd} the circuit are discretized as in the conventional device

circuits are the key circuits in frequency conversion. Unde%mulators [5]. Then the state variables for the system are the

standing and analysis of noise performance of these Circuﬁelgctrlc potential, the electron densities and the hole densities

under large-signal (LS) conditions has become crucial in tRe EVErY node of the spatially discretized devices, and the

successful low-noise design of CMOS RF ICs. Therefore, vEgrmlnal voltages and currents of the lumped elements. The

) . . .
need an accurate and physics-based TCAD framework }al number Of the state \_/anables IS d_enpted]\ifg/. Dur_lng
e LS simulation, the noise sources inside the devices and

noise analysis of RF circuits under LS conditions. .
Y IIhe lumped elements are not included, and only the responses

In the circuit simulation, many circuit simulators either fo f the state variables due to the externall lied volt
time domain analysis or frequency domain analysis have begp'€ state variables due to the externally applied voltage

developed, based upon the compact MOSFET model (e ources will be considered. The externally applied voltages

SPICE, Agilent ADS, and Cadence SpectreRF), and the %h bhe tlme-var%/mé;. h h of th bl
simulators are widely used for noise analysis of CMOS RF In the HB method, we assume that each of the state variables

circuits. However, in the mixed-mode device-circuit simulatiofi" be represented as a linear combinatioVaf frequency

[1], only a few attempts have been made to simulate {f@mponents. From this assumption, each state variable can be
LS’ noise behaviors of very simple circuits [2], [3], and Wé‘jetermined completely from the values of each state variables

still have to develop more efficient mixed-mode device-circuit VH sampling times. Now we derive the equations safisfied

simulators for an accurate LS noise analysis of practical Rl the Ns Ny values of the state variables at; sampling
CMOS circuits. tl_mes_. First, we wrlte_ down thévs sta_lte equatlons_for the

In this paper, we report a general TCAD framework of gircuit system in the time domain, which can be written as
mixed-mode device-circuit solver for the LS noise analysis . .

e . : = —b=0, 1

of RF CMOS circuits. The harmonic balance (HB) method is f@,2) = fi(@) + fa(2) @)
employed to solve the state equations, which give the workifghere f is the residual vector faNs state variablesy denotes
points of the devices in the circuit considered. The iteratifie vector for the state variables in the time domairs the
matrix solver, GMRES [4], is adopted as a matrix solvefime derivative ofz, b is the vector for the externally applied
and an efficient preconditioner, which can be effective evepitages, andf; and f, are usually nonlinear functions. Since
for a system with high distortion, is introduced. The papgtq. (1) should be satisfied at each/f; sampling times, we
is organized as follows. Section Il is devoted to descriptioghn constitute from Eq. (1) th&s Ny equations satisfied by

of the HB simulation framework, which includes the matri)fheNsNH values of the state variablesAf; sampling times,
solver, GMRES, together with a very efficient preconditiongjiven by

for GMRES. In Section Ill, the conversion Green’s function
(CGF) technique, which is employed to calculate the influence fra*, %) = f{(@") + f5 (") =b" =0, 2
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where f* is the residual vector for th&/s Ny state variables,
* is the vector for theVs Ny values of the state variables
is the time derivative of*, andb* is the vector for the values 1ka
of the external voltages ay sampling times. LetX be the
vector for the Ng Ny unknown quantities in the frequency

domain corresponding to the vectet, then we have 1-2V+"L0‘| |‘ L2V-vio
10/0.09 pm 10/0.09 pm
z* =T71X, T =T710X, (3)
0.6V + vpe -I 18/0.09 pm

wherel’ andI"'~! are the discrete Fourier transform matrix pair
for z* and X, and( is a block-diagonal matrix representing
the frequency domain equivalent of the time derivative oper-
ation. Substituting Eqg. (3) into Eq. (2), we obtain tNe Ny  Fig. 1. Circuit schematic of the single-balanced down-conversion miXer.
equations satisfied by th&3 Ny unknown quantities in the is about 24,000 andVy; is set at 21. The LO is a sinusoidal voltage source
frequency domain. of 1 GHz.

These equations can be solved by the Newton iteration

method as follows. LeK be a tentative solution for a certainrequired during the preconditioning process. We expect that
Newton loop andA be the correction vector foKy, thenA  the time for one GMRES inner solve increases almost linearly
can be obtained from the following equation of as Ny increases. Adoption ofi, as a preconditioner and
1 1 w1 1 decomposition ofd, into Ny small blocks are distinctive

ATTOQA+ATTA = =17 X0, T Xo), (4) featurer), in our framework. We also note that our solution is
where A; and A, are given bydf; /di*|o and df; /0x*|y, €xact in the sense that we use the exact Jacobian instead of
respectively.A,, which is a matrix with size ofNgNz x an approximate one. Based on the LS working points obtained
NgNy, is composed ofNy; smaller matrixes with size of through the HB method, we will calculate the power spectral
Ng x Ng. Each of theNy smaller matrixes is the quasi-staticdensity of the output noise of the circuit.
Jacobian of the system for th¥g state variables, evaluated
at each of theVy sampling times. Eq. (4) can be rewritten as

IIl. CONVERSIONGREEN'S FUNCTION TECHNIQUE FOR
LARGE-SIGNAL NOISE ANALYSIS

(AT 4 Ag)6 = — (I X0, T710X), (5)  We exploit the conversion Green’s function technique for

etcr;e LS noise analysis of the circuit as in [2], [11], [12]. Let
operation forz* in the time domaing = I' "' A is an update a(r,w) for a = 4, n,p b? the CGFs for the. given Ol.Jtpm .
) . . variable based on the noiseless working points obtained in

vector in the time domain. : . ; .
. . . . Section Il as in [2], [11], [12], then the sideband amplitudes
Since the square matrix of; 7"+ A, in Eq. (5) has a size : ' . :

N ; of the output noise variables are linearly related to the various
of NsNg x NgNg, which is usually too big to be handled by _. - . : - .
?|deband amplitudes of the microscopic noise sources inside

a d|r¢ct matrix solver suc'h' as UMFPACK [6] in the practlcathe devices through the CGFs. The sideband correlation matrix
circuits, we take some efficient approaches [7], [8] to solve E

(5) through Krylov subspace method such as GMRES [4] r.CM) of two output noise vanables, e.g. the short-circuit
. noise currents at terminalsandj, can be written as [2], [11],

QMR [9]. In these approaches the most important proced &92]

is to choose an appropriate preconditioner for Eqg. (5). The

Elock—dlagonal precopdmoner adopted in .[7], [8] has t.)eegin’i’inyj (w) = Z era(nw)K%%(r,w)GL(r,w),

nown to be very suitable for a system with low distortion, afpmp’?

but this preconditioner is not suitable to a RF circuit where (6)

the power level is high. In this paper we use the GMRESshere K., (r,w) is the SCM of the local noise sources

and we choosed, as a preconditioner because it has beeor spatially uncorrelated microscopic fluctuations,denotes

known that4, can be a very good approximation 4§74+ A, the microscopic noise source included as a forcing term in

specially at low frequencies which are much below the cutagquationa (o = 1, n, p denote Poisson’s, electron, and hole

frequencies of the devices in the circuit considered [10] ar@ntinuity equations, respectively)denotes the complex con-

because frequencies of our interest are much below the cujatjate and transpose, ands the sideband angular frequency.

frequencies of the MOSFETs in the RF circuit. Since aphe direct extension of the generalized adjoint approach [13]

discussed beforel, is composed oV smaller matrixes with allows a numerically efficient evaluation of the CGFs.

size of Ng x Ng, each of which is the quasi-static Jacobian

of the system for theVy state variables, evaluated at each IV. SIMULATION RESULTS AND DISCUSSION

of the Ny sampling times,A, can be decomposed int¥y Simulation has been carried out on the single-balanced

“small” blocks. These small blocks with size dfs x Ng down-conversion mixer whose output signal is taken as a

can be stored independently. This decomposition will sadifferential voltage between the drain terminals of two LO

the memory usage and the workload for the matrix backsolMOSFETSs. The circuit schematic considered in the simulation

whereT = I'"1Qr is a matrix representing the time derivativ

120



1

10

Drain

— 10°4

0 1 2 3 4 5
RF input frequency [ GHz ]

> 600
— 1074 1
1%} ) > 500
c 1074 4 —
QL » 400}
L 10°%4 1 o
5 =
(] -4
o 107+ 3 [T
et o
8 1079 3 =
5 10°] ? T T 1 I
o
Q
QT s - B B U BN BN BN BN . O
0 1 2 3 4 5 6 7 8 9 10
Frequency [ GHz ]
Fig. 2. Magnitudes of Fourier coefficients of the mixer output voltage. The
amplitude of the LO signal is 0.15 V.
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Fig. 3. Response of the mixer output voltage at 0.1 GHz to the unit RE
input signal at various frequencies. Fig. 4. G(r,1) for (a) the RF port MOSFET and (b) the left LO port

MOSFET. G(r,1) is the CGF due to the noise source in the electron
continuity equation at 1.1 GHz, when the observation variable is the mixer
output noise voltage at 0.1 GHz.

is shown in Fig. 1. The mixer consists of two resistors and
three nMOSFETs and/s is about 24,000. Sinc& 5 is set at
21, the whole system has about half a million unknowns. TH@ise sources in the source side of the channel go through
amplitude and frequency of the sinusoidal LO voltage sour8@e down-conversion process. Furthermot&yr,0) for the
is 0.15 V and 1 GHz, respectively. In the noise calculatioh©O Port MOSFET is shown in Fig. 5. The influence of the
On|y the diffusion noise sources are considered. noise source Only in the drain side of the LO port MOSFET
First we perform the LS mixer simulation where only théS found to be dominant because the frequency conversion
LO voltage source is imposed. In Fig. 2, the magnitudes #Pes not take place in this case. Fig. 6 shows magnitudes of
the Fourier coefficients of the mixer output voltage are showf1e diagonal element of the integrand in Eg. (6) at a down-
Based upon the simulated LS solution, the response of §fverted frequency (IF frequency) of 0.1 GHz for the left
linear periodically time-varying system to the RF input sign&t© Port MOSFET and either for the RF port MOSFET. The
is evaluated. We select 0.1 GHz as the sideband frequerQ/Ver spectral density of the mixer output noise voltage is
Fig. 3 depicts the response of the mixer output voltage at 3lculated to be 20.2 (nV¥)Hz, among which 55/ comes
GHz due to the unit RF input signal at various frequencie@©m the RF port MOSFET and the rest comes from the LO

From this figure, we can see that the conversion gain for tR"t MOSFETS (we neglected the noise from two resistors).
1.1 GHz RF signal is 1.33 V/V. Finally, we calculate the mixer output noise voltage at various

Let G(r,n) be the CGF due to the noise source in th%.O amphtudgs (0.1, 015 02, .0'25 V.)' Fig. 7 .ShOWS the
electron continuity equation atn + 0.1) GHz, when the S|mulat§d mixer output voltages in the time qualn. Also t_he
observation variable is the mixer output noise voltage at gepnversion gains and power sp'ectrgl densities of the mixer
GHz. Fig. 4 showsA(r,1)’s for the RF port MOSFET and Output noise voltage are shown in Fig. 8.
for the left LO port MOSFET. In the case of the RF port
MOSFET, the noise sources in the drain side of the channel
give stronger impact on the mixer output noise. On the otherIn this work, we have developed a general TCAD frame-
hand, for the LO port MOSFET the noise sources in the soura@rk for the LS noise analysis of CMOS RF circuits. The
side of the channel have stronger impact on the mixer outpdise characteristic of the RF CMOS single-balanced down-
noise, because in the case of the LO port MOSFET only tkkenversion mixer has been simulated. We expect that this

V. CONCLUSIONS
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Fig. 6.

down-converted frequency (IF frequency) of 0.1 GHz for (a) the left LO port
MOSFET and (b) the RF port MOSFET. [v
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o framework can be extended for the physics-based and efficient
LS noise analysis of general RF CMOS circuits.
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