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Abstract—This paper proposes a time-interleaved RF car-
rier modulation and demodulation technique, suitable for high
frequency mixer applications under a constraint of active de-
vice speed limitation. The presents are in essence mixer arrays
where modulated outputs by a series of time-delayed carriers
with a reduced frequency, compared with a carrier frequency
in fundamental mixers, will be interleaved in the time domain
to synthesize the final output. The mixer arrays inherit an FIR
filtering function, and the time interleaving process is equivalent
to the filtering process where the arrays select the fundamental
tone or its harmonics of a carrier in a periodic manner. The
carrier waveform and duty-cycle play important roles in the noise
performance of the mixer arrays. A comprehensive noise analysis
is presented in this paper for both cases of correlated-noise and
uncorrelated-noise mixer arrays. To minimize output noise power,
optimization of carrier duty-cycle and noise filtering technique
have been proposed and analyzed extensively for various types of
carrier pulse. Finally analytical mismatch models are provided
and output SNR degradations under finite mismatches amongst
mixer array elements have been discussed based on the mismatch
models. All theoretical analyses are verified through behavioral
mixer array simulations including Monte-Carlo statistical simu-
lations.

Index Terms—Array, demodulator, FIR filter, mixer, mixer
array, modulator, multiphase, radio frequency, time interleaving,
transversal filter, wireless communications.

I. INTRODUCTION

ECENTLY wireless communications at millimeter
R (mm)-wave and submillimeter wave ranges have been
gaining growing attentions to achieve a high data-rate over
several 10’s Gb/s [1]-[3]. One of key technical huddles in
realizing the high-speed communications in integrated circuit
technologies is the carrier modulations and demodulations, due
to a lack of carrier source having a high spectral purity with an
adequate output power at such high frequencies. To circumvent
the issue from [the]system perspective, heterodyne architectures
have been adopted to reduce required carrier frequency at the
expense of a hardware complexity and image issue involved in
the double conversions [4]-[6]. A subharmonic mixing (e.g.,
2X, 4x even-harmonic carrier modulation) has been another
popular choice for a minimum amount of signal processing
at the mm-waves and therefore to relieve the speed burden
on the local oscillator (LO) paths in the mm-wave mixer
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Fig. 1. (a) Fundamental mixer (modulation frequency: f. = 1/T%), (b) time-
interleaved (TI) mixer array with a time-interleaving factor of A1 (modulation

frequency: f./M), and (c) rectangular pulse trains for the fundamental mixer
and the TI mixer arrays.

designs [7]-[9]. A constant progress has also been made to
push oscillation frequency of voltage controlled oscillators
over sub-terahertz realms in solid-state electronics [10]-[12].
Yet because of a limited active device speed, major challenges
have been posed in implementing practical carrier modulation
and demodulation systems with a fundamental mixer at the
high-end of the mm-wave regimes [12].

In this paper, a time-interleaved carrier modulation and de-
modulation technique has been proposed to enable mm-wave
and submillimeter wave frequency mixers under the constraints
of the device speed limitations. Fig. 1(b) illustrates a time-in-
terleaved carrier modulator which is essentially a mixer array
where each mixer modulates the input signal with a reduced fre-
quency, compared with the fundamental mixer in Fig. 1(a). By
interleaving the modulated outputs from individual mixers, the
final output will contain the same frequency information as in
the fundamental mixer. An essential benefit in the time-inter-
leaved modulation is that the carrier frequency can be reduced
by a factor of the number of time interleaving. This allows less
speed burden on electronics generating carrier signals, which
will be a particular benefit when realizing high-speed commu-
nication electronics in silicon processes suffering from a rela-
tively low device speed compared with that of compound semi-
conductors [13]-[15].

The time-interleaved mixer arrays inherit a filtering function
of a transversal filter [16], and the interleaving process is es-
sentially a filtering process where fundamental tone and its har-
monics of a carrier can be filtered selectively, which is elab-
orated in Section II. The waveform and duty-cycle of carriers
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Fig. 2. Fundamental and time-interleaved carrier modulations with bipolar differential carriers: (a) modulation with fundamental carrier frequency using bipolar
on-off switches ((D :input signal; (2 : bipolar rectangular carrier pulse; (3 : modulated output; and (@ : spectral components of the output normalized by the
input peak magnitude), (b) time-interleaved modulation with 1/3 f.. of carrier frequency (time interleaving factor: 3, (D : input signal; @, @ and @ : bipolar

rectangular subcarrier pulses; &, & and (7 : modulated outputs by &, 3 and (D, regpectively:
of the output normalized by the input peak magnitude). For both cases, & = f. £ f.,

play important roles in the noise performance of the arrays. An
extensive noise analysis is presented in Sections III and I'V. Op-
timization of the duty-cycle and noise filtering technique to re-
lieve the noise issue are proposed in Section IV. The mixer array
will be subjected to mismatches between array elements and an-
alytical mismatch models have been provided in Section V. All
the theories in the paper have been verified through behavioral
mixer simulations including Monte-Carlo statistical simulations
in Advance Design System (ADS) [17].

II. TIME INTERLEAVED CARRIER MODULATIONS

Carrier modulation is fundamentally a multiplication process
and Fig. 2(a) shows a typical way of realizing the carrier
multiplication relying on the on-off switch modulation [18].
The bipolar differential square-wave having 50% duty-cycle,
expressed as (1) in the frequency domain, turns on each
switch differentially per cycle. This will modulate input signal
vy (t) = Vpsin(2r f,t) where f; = 1/T,. By adding each
switch output differentially the final modulated output is illus-
trated as (3) in the time domain.

-xe

‘I'L7T

Uy (f _) e —imm/2g (f=mfe). (D

>]|H>

. final ti leaved output: and (9) : spectral com

®=3f—ctf.,, @=5f—ctf,and @ =T7f —cx f..

nents

Equivalently, the input signal will be convoluted by ¥y (f) in
the frequency domain, resulting in a series of frequency modu-
lation of the input by the fundamental tone and its harmonics of
Wi (). InFig. 2(a) @ shows first a few major spectral tones of
the modulated output, which are normalized by the peak magni-
tude of the input: @) = f.+ fs, ® =3f-x fs, © =5f- = fs,
and (@ = 7f. £ f.. In typical fundamental mixers, a narrow-
band filtering will be applied to the output in order to select the
fundamentally modulated components shown as (@).
Fig. 2(b) illustrates a time-interleaved (T1) modulation with
a time interleaving factor of 3 to realize the same modulation
functionality as in Fig. 2(a). In essence the system is a switch
array and each switch will be driven by a series of the bipolar
square-waves with 50% duty-cycle, called subcarriers repre-
sented as @), @) and (@), respectively. The subcarrier frequency
will be reduced by the time-interleaving factor, compared with
the fundamental mixer. From the reference of the subcarrier
(@, the subcarriers (3) and (@) undergo a successive cumula-
tive delay of T... Modulations of input signal by each subcarrier
®), @& and @ will output &), 6 and @), respectively. An in-
stantaneous combining (or interleaving) of all the outputs gives
the final output of (8) which contains the same spectral compo-
nents as in Fig. 2(a).
In general the reference subcarrier (2) can be expressed in
terms of the fundamental carrier frequency of f.. This is given
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Fig. 3. A transversal filter equivalent to the delay-sum operation in the time-
interleaved carrier signal in (3): Wy = W1 = Wo = W3 = Wpm—1 = 1.

W, tc(t)

as (2) in the frequency domain for an arbitrary odd number of
the time-interleaving factor M.

2, 4sin(%BT) m
T . _ VP2 ) —jmw/2 ( o r)-
o ()= 3 St RO = gt
M =odd. 2)
Consequently, the summation of total subcarriers will be
M-1 _
Vyse( )= D Upae (F) e 7T M = 0dd
k=0
sin(MafT.) o . omfe.
- v , J(M 1)7rpr* —
vee ()~ © =3
= \Ijbﬁc(f)isin('rmr) e M =D7/M Ly — M % odd
i)
o] 4 o Mnm . )
— Z_bln( 2 )e—JA'WrLr/Zé (f_'nfc) (3)
— n

In (3), 27 fT, is a phase delay caused by the time delay of 7.
for the subcarriers having f./M of frequency. Thanks to the si-
nusoidal periodicity, it can be shown that ¥y, 4. () = Tp. (f),
and the TI-modulation is a convolution of the input with the
Uy 4 (f). In the frequency domain, the final modulated output
after the interleaving process will be

Uml.t(f) = lllbjc(f) ® IUS(f) U‘?(f) (4)

Note that under the constraint of 50% duty-cycle in the sub-
carriers only odd number of time interleaving is allowed. The
limitation is due to the fact that the time interleaving process
is inherently a filtering process: i.c., the term 32~ " & /K27 /T
in (3) represents a transfer function from the transversal filter
where filter taps have unity weight after a successive time delay
of| T.[16]. [The transversal filter equivalence in the time do-
main is shown in Fig. 3 where wyg = w; = wy = wy =
wm_1 = 1. ¥y s (t) and Wy 4 (¢) are the time domain rep-
resentations of Wy, .. (f) and Wy 4. (f), respectively. The di-
rect-form transversal filter can select (or reject) only the spectral
tones comprising U, ... (£). With 50% duty-cycle, ¥, o (f) in
(2) contains fundamental tone of f./M and its odd harmonics
of mf./M (m = odd). Therefore, in order to filter the desired
spectral tone of f., the length of the transversal filter (or the
time-interleaving factor of M) needs to be an odd integer larger
than 1.

However, if the duty-cycle of the subcarriers is not 50% and
if they have a finite DC component, i.e., waveform of the sub-
carriers is differentially nonsymmetrical, then they contain both
even and odd harmonics. These are the cases illustrated as @)
and (@ in Fig. 4. When considering an arbitrary duty-cycle of

= \Dbc

MT.

o nnn

Fig. 4. Rectangular pulse subcarriers ((D : a unipolar subcarrier, (3 : a non-
symmetrical bipolar subcarrier, and ) : an asymmetric bipolar subcarrier).

AT/ (MT,) for the subcarriers where M T, is a period and AT
is an active on-time, the waveforms of (1) and (2) can be ex-
pressed as (5) and (6), respectively, in the frequency domain.
In these cases spectral components of the subcarriers will be
mfe/ = integer), containing both even- and odd-order
tones. Therefore, an even length A/ will also enable to filter the
spectral tone of f. as long as AT/ (MT.) # 50%.

‘ - AT
Zx 1 el (mw A/[TC>

‘11571@ (f) N T m
% efjmTrAT/iLIT 6 <f - —f(-) . (5)
OC sin | mr 2l
¥, (1) = ; 72r ( - wn)
% e —gmmAT/MT, 5 (]t _ _}‘L) (f) .

Q)

It is worthwhile to note that the asymmetric (or differentially
symmetric) bipolar subcarrier illustrated as () in Fig. 4, ex-
pressed as (7) in the frequency domain, contains only odd har-
monics. Thus, only odd length of M is allowed to choose the f.

tone.
o AT
sin (mn 35
m

1
— (1 — cosmm
( cosm)

 p—ImTAT/MT, 5 ( . ¢> ) 7
e f-28). O

As an example, for the unipolar subcarrier in (5) the final net
carrier after M times of interleaving will be given as

(f)
/ \1 1
o-a2mrde]

,30

f ‘SHL(””I—)(jfjm(fwfl)rr/ﬂl

' mar
/ 5t ” M )
=integer,

(®)
where T'(f) = Y " e 727187 s the transfer function of the

transversal filter in Fig. 3. When M = 2, from (5) and (8) it can
be found that AT/ (MT,) = 25% or 75% will give the max-
imum 2nd -harmonic power, leading to the maximum output
power when the input is modulated by the 2nd-harmonic tone.
Fig. 5 illustrates the cases of M = 2 with 25% and 75% duty-cy-
cles, which essentially represents a behavioral model of the 2x
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Fig. 5. Time-interleaved carrier modulation with interleaving factor A = 2:
(a) 25% duty-cycle, (b) 75% duty-cycle.

subharmonic mixer found in many RF applications [19]-[21]. In
essence, the 2x and 4x subharmonic mixers [7] can be regarded
as subsets of the TI mixer array, corresponding to M/ = 2 and
M = 4, respectively. For both cases in Fig. 5, the interleaving
of @ and (B, which are modulated outputs by the subcarrier

(@ and (3), respectively, will output the final waveforms of (8).
The final outpu(a) and 5(b)) will have the same spec-
tral components as those in Fig. 2 except for the input leakage
tone which is modulated by the DC component of the subcar-
riers. The magnitude of the input leakage to the output will be
3 times larger when the duty-cycle is 75%, because the average
total subcarrier power (or DC power) is 3 times larger when
AT/ (MT,) = 75% than when AT/ (MT.) = 25%. The
larger carrier power will produce larger output noise, which will
be detailed in the next sections.

III. NOISE IN CARRIER DEMODULATIONS

Carrier demodulation is a reciprocal process of the carrier
modulation, and in general noise is of particular concern in the
demodulation process since incoming signal power tends to be
weak, susceptible to fhe]system noises in typical wireless com-
munication systems. Consider the abstraction of a single bal-
ance mixer shown in Fig. 6(a), which demodulates a modulated
signal (presumably an RF signal) and translates the signal fre-
quency, fs, down to an intermediate frequency of frp = f.— fs
(high-side carrier injection). In a typical realization of the carrier
demodulator in FET technologies, input voltage signal (v; =
Us rmsSinwst) will be gated to the transconductor (M,). The
transconductor will transform the input signal into a current
(is = isrmsSinw,t), while generating a noise current (z,,) as
well. For simpli i ’s gssume the noise current is white
Gaussian nois¢, which will beja reasonable assumption for typ-
ical down-conversion mixers. In the single-balanced demodu-
lation, the signal and noise currents will be modulated by the
switch pair (M, 2) driven by the carriers &) and (), effectively
turning the switch pair on and off alternatively per period. The
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Fig. 6. (a)Single-balanced switching mixer ((z and (b : square-waves turning
switch My, » on and off alternatively, (D) : transconductor output signal and
noise currents, () : bipolar square-wave equivalent to the switch on-off modula-
tion, and (3 : demodulated signal and noise outputs), (b) conceptual description
of the signal and noise demodulation in one-sided spectral domain ((3) : input

signal current to the demodulator, (2 : spectral tones of the bipolar square-wave,
and (3 : demodulated signal and noise outputs).

demodulated signal and noise will be taken differentially at the
output of (3). The demodulation process is equivalent to modu-
lating the ¢, and 4,, with a unity bipolar carrier illustrated as (2)
and taking the intermediate output tone.

In the example, the carrier demodulation involves only a half
power of the fundamental carrier tone (f..), and the other half
power will contribute to the modulation of the signal to a higher
frequency of f. + fs. In Fig. 6(b) the input noise floor will be
set by the transconductor noise 4,,. Assuming 50% duty-ratio in
the bipolar pulse train, the carrier contains fundamental and its
odd harmonic tones. A uniqueness in the demodulations with
rectangular pulse trains is that while signal will be modulated
down to a desired IF-band by a tone (usually by a fundamental
tone), noise will be modulated by all harmonics as well as by
the fundamental tone since the noise is essentially a thermal
noise causing a frequency aliasing. This is illustrated in Fig. 6(b)
where every noise spectrum distancing + f7 ¢ offset (upper side-
band) or — f;z offset (lower sideband) from the fundamental
tone and its harmonics will be demodulated to the same interme-
diate frequency as the signal, degrading the SNR at the output.

Because every spectral tone of a carrier pulse will contribute
to the noise demodulation, overall power gain factor for the de-
modulated noise (Gpn, = 2, /i2) will be the same as the car-
rier power, recalling Parseval’s power theorem [18]. The car-
rier waveform and duty-cycle play critical roles in the carrier
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Fig. 7. Rectangular carrier pulses with a duty cycle AT/T. < 30%(T.:
period, O :— unipolar pulse, @ :|\¥ ® (¢)l nonsymmetrical bipolar

pulse, (®: I ® (t)—asymmetric bipolar differential (Tq = 1/2T.) pulse,
and (:¥ 4 (t)—asymmetric bipolar pulse with an arbitrary Ty under a con-
straint of AT < Ty < T, — AT.

power and therefore in the output SNR. Fig. 7 shows several
cases of rectangular carrier pulses with a finite duty-cycle. In
the frequency domain each carrier pulse train can be expressed
as (9)—(12) at the bottom of the page.

As a practical consideration the duty-cycle is limited to 50%:
i.e., AT/T. < 1/2. The waveform of (3, \I/@ (t), is a gen-
eral case of a differential pulse train having a half-period delay
in the negative pulse. For a completeness of consideration, the
waveform of @), U 4 (2), is included and has an arbitrary delay
T, subjected to AT < T,; < T. — AT for the negative pulse.
W = (1) contains only fundamental tone and its odd harmonics,
but introducing T; (# T./2) in ¥ @ (t) allows even harmonic
tones in (12): note |Ty — T./2| x 27 f. represents a differen-
tial phase mismatch which induces even harmonics in the asym-
metric bipolar pulse train. In (12) harmonic power of the m-th

tone will be maximized when Ty /T, = k/ (2m) where k = odd
and k/m < 1.

Generally speaking, any harmonic spectral component as
well as a fundamental tone in rectangular pulses can be utilized
for carrier modulations and demodulations. Table I lists signal
power gains (Gpsm = iz, pmas/i2,mms) and noise power gains
(Gpn = 142,//i12) when they are demodulated by the m-th
harmonic tone of each carrier pulse in Fig. 7. The G, in the
table is essentially the carrier power of each carrier type. It
should be emphasized that the ratio of G, /G s m addresses a

noise factor (NF) [18] of the demodulation process itself:

(S]VR)'I',np'u,t
(SNR)

output
Gpn
=2, 13
Gps R / ( )

Noise Figure : NF (m) =10 x logF (m)

G [
=10 x log (%) . (14)
Tps,m

Note that NF is a function of the order of the modulation tone
() and the carrier duty-cycle. When a carrier demodulation
is conducted by a fundamental tone of the unipolar carrier of
e (t) in Fig. 7, then AT/T, = 25% and 75% will give the
same signal power gain of G, 1 = 1/ (27?), but noise power
will be different for each case: G, = 1/4 for AT/T, = 25%
and G, = 3/4 for AT/T, = 75%. This results in 3 times
larger noise factor in the case with 75% of duty-cycle than the
other case: i.e., F(1) = 72/2 for AT/T, = 25%, and F(1) =
372 /2 for AT/T. = 75%. Usually a larger duty-cycle than 50%
will worse noise effect and in typical designs the duty-cycle will
be limited to 50% to minimize the noise degradation. This is the

Noise Factor : F (m) =

b s Unepolar carrier, ¥ 4”)

\ AT
1 S (NL’/T—T‘
s

[
K

m,

m—=-—00

A

> 9 sin (mﬂ

5

m

m=—00

: AT
o 1 Sin, (777,71' T)

s m,

m—=—00

where AT < T,; <T,— AT.

) e—jmwAT/Tc(s‘ (f _ 7nfc) -4 (f)

. ) ¢ IMTAT/Te g (it v

@ : Nonsymmetrical bipolar carrier, ¥ ® (f)

T.
(10)
T m
® : Asymmetric dvfferential bipolar carricr, ¥ ® ()
o sin (7717!’%—?) ey
= Z —————— (1 — cosmn) e ImmAT/Te g (f —mf.) (11)

@ : Asymmetric bipolar carrier with a delade,% @ (N

_ Z (1 _ €—j27rL7er/Tc) e‘j”LTFAT/TC(S (f _ me) ,

(12)
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TABLE 1
SIGNAL POWER GAIN (G s, m) AND NOISE POWER GAIN (G, ) IN THE
DEMODULATION PROCESS BY EACH CARRIER IN FIG. 7.

Gps,m Gpn
{ . ( AT)}Z AT
@ —sin|{mr— —
2 c T.
2
@ {—Sin (mnﬂ)} 1
Y c
1 AT\)?
—sin|{mn— AT
mnm T, 2?
x (1 — cosmm) ¢
$ AT
o Sin ma AT
? o) | T
X |2 —2coSs|2mm—
TC

Note: @, @, ®, and @ represent each subcarrier
type depicted in Fig. 7, respectively.

main reason for imposing the limitation of AT /T, < 1/2 as a
practical consideration in this paper.

To verify the theory, behavioral mixer simulations are per-
formed in ADS. Fig. 8 shows results when the fundamental tone
(m = 1 in the Table I) is utilized for the carrier demodulation.
The theoretical NF calculations are based on (14) by applying
G ps,m and G, in Table I, and agreed well with the behavioral
simulations. From the Table I, the optimum duty-cycle for max-
imum signal power gain for all cases can be given as AT /T, =
k/(2m) where & = odd and k < m: for example, if a funda-
mental tone (m = 1) is utilized for the demodulation, then 50%
duty-cycle will give the maximum signal power gain. However,
the optimum duty-cycle for maximum SNR is not necessarily
coincided with that for the maximum signal power gain. The
output SNR will be proportional to 1/F(m) = Gps.n/Gpn.
Therefore, it is apparent from the Table I that, except for the

= inimizing the noise factor
can be found as the maximizing (15), [resulting in (16) as the

condition for the optimum duty-cycle.

AT 1

AT Z i (i AT PIAT *1,hu -
Tc =snlmm TC TC . wnere TC =5

(1s)
()

ATYN )
d T.)
iy AT AT B
Lan | mm TC mmw TC
opt opt

AT
= m| — =~ 0.371.
T
opt

df

I
o

(16)

[

Whenwm = 1, (AT/T.),,, is about 37.1% which can be
confirmed [from the behavioral simulation results shown in
Figs. 8(a) and 8(c). In general if the m-th harmonic tone of
the carrier \If@ (t) or ¥ 5 (¢) in Fig. 7 is used for a carrier
demodulation then the optimum duty-cycle for the maximum
SNR will be (AT/T¢),,, = 0.371/m. For the case of ¥ @ (t),
noise power is always unity. Therefore, the duty-cycle for the
maximum signal power will give the maximum SNR. It is
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Fig. 8. Noise figure NF(m = 1) when the fundamental tone of each carrier in
Fig. 7 is utilized for the carrier demodulation: (a) NF(m» = 1) with the carrier
N € (#), (b) NF(m = 1) with the carrier ¥ e (t), () NF(m = 1) with the
carrier ¥ 5 (¢) and (d) NF(m = 1) with the carrier ¥ 4 (t) (AT/T. =
37%). Theoretical calculations are based on the expressions of G, and G ..,
in Table I. Simulations are done based on a behavioral mixer model in ADS.

worthwhile to mention that in a single sideband carrier demod-
ulation based on an ideal sinusoidal multiplication, NF will be
3 dB since noise is populating at double sidebands of a carrier
while signal is residing at single sideband. The differential
rectangular pulse of ¥ 4 (¢) gives a nearoptimum NF of 3.36
dB with 37.1% of duty-cycle, as shown ir} Figs. |8(c) and 8(d).

IV. NOISE IN TIME-INTERLEAVED CARRIER DEMODULATION

A. Correlated and Uncorrelated Noises in Mixer Arrays

Consider two cases of TI-mixer arrays with a time-inter-
leaving factor of M, shown in Fig. 9. In Fig. 9(a) each mixer
will be driven by an individual current signal accompanied by
a-noise-current which has no correlation among others, called

noise time-interleaved (UNTI) mixer array’. The

array can be transformed equivalently into a single mixer where
an equivalent modulation carrier, ¥,.(#), can be synthesized
by adding all delayed subcarriers of ¥;.(t). As discussed, the
delay-sum operation of the subcarriers is inherently a filtering
process with a transversal filter, which is illustrated in Fig. 10
for various types of subcarrier pulses. In Fig. 9(b) all the signal
and noise currents are added before driving mixer array, and
therefore each mixer will see the same unified single noise
seuree-which-behaves like a correlated signal to the mixer array,
called ’correlated-nogse time-interleaved (CNTI) mixer array’.
Tirc—coteremtsigmal currents are added linecfl-y——m-" current
domain, increasing their magnitude by a factor or v/ .|But the
uncorrelated noises will be added in-powerdomain,-effectively
increasing their rms magnitude by a factor of in Fig. 9(b). [[n
terms of the signal currents there 1S o difference between the
two array topologies, and in the frequency domain the output
signal will be

ios(f) = is(f) ® T(f). (17)

, where T(f) is the transfer function of the transversal
filter given in (8). In view of noise, however, each mixer
in the UNTI-mixer array will be driven by an uncorrelated

\Ijic
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Fig. 9. Time-interleaved carrier modulation/demodulation with a time interleaving factor of 4 : (a) time-interleaved mixer array with uncorrelated noises to each
mixer (UNTI-mixer array), (b) time-interleaved mixer array with correlated noises to each mixer (CNTI-mixer array).

noise and the net result is that all the subcarriers’ fundamental Ln_2 m N\ sin(mmw) ?

and harmonic tones will involve in the noise demodulation. iy ® | Pie (Mf c) m

This effectively increases output noise power by a factor of the i M

time-interleaving factor as expressed in (18). Inthe CNTI-mixer @‘O,Lf (N

array in Fig. 9(b), each mixer is driven by a| correlated|noise. = Gpne = T3

Therefore, only the subcarriers’ spectral tones which are filtered tn 5

in through the transversal filter will participate in the noise = 1 m N\ sin (mw)

demodulation, which is expressed mathematically in (19). y Z M Vi (Mf C) sin (%) (19)
m=—oc i

In (18) and (19), G v and G, . mean uncorrelated noise

tonu (f) =t () @ Uo (f) =0 () & Vi (f) T (f) power gain and correlated noise power gain in each UNTI- and
;2 () =i )i 0y CNTI-mixer array, respectively. A net difference between the
o o et correlated and uncorrelated noises in TI-mixer arrays is that the
=02 ® |V (f) |2 x M uncorrelated noise will be added linearly versus the transversal
m filter length (or mixer array length) of M, while the correlated

= Gpnu = — noise will be shaped by the transversal filter.

in
Mo« i “I’m (ﬂfr) 2 (18) B. Duty-Cycle Control

. M In the TI-mixer arrays with M times of interleaving, the de-
in () in () modulation process relies on the A -th harmonic tone of the
bone(f[)=—2=Z @V, (f) = =2 @V, (f)®T(f) subcarrier spectrum. For each case of the subcarrier type illus-

A{ VM trated in Fig. 10, Table II shows signal power gain and noise
S ionc” (F) = done () ione(f)” power gains for both cases of UNTI- and CNTI-mixer arrays.
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MT,
A AT(MT)S1/2
I_l I_|1 N M-array
@ 0 »t r A N\
] ] ] 11 Delay | Delay Delay Delay
@ 1 [l T LT 1T eee—> Tc
.
@ >t
oo,
o T
»t
I R B R e
VMT Foclt)
5 AT, S TS MT-AT,
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Fig. 10. Filtering rectangular carrier pulses using a transversal filter which is equivalent to the carrier synthesis based on the delay-sum operation in time-inter-

leaved mixer arrays with A4 of time interleaving factor. (D : ¥

(t)- unipolar subcarrier pulse, @ : ¥_

(¢)- nonsymmetrical bipolar subcarrier pulse, () :

v ©) (t)—asymmetric bipolar differential (Tqx = 1/2MT. ‘subcarrier pulse,and (D: ¥ @ ( t)—asyinmetric bipolar subcarrier pulse with an arbitrary 7,

under a constraint of ATy < Tax < MT. — AT,.

is signal power gain when the demodulation is con-

ducted by the m-th harmonic tone of the subcarriers. Because
of a perfect correlation among the noises, noise power gain in
the CNTI-mixer array in Table II) can be expressed
in terms of the signal power gain, (G, , ¢, which can be much
smaller than that w rom the UNTI-mixer array. The term
(sinmm/ sinma M) n Gps m and Gy . comes from the har-
monic filtering function of the transversal filter inherited in the
mixer array. The theoretical power gains in Table II have been
verified through behavioral mixer array simulations in ADS, and
typical results for M = 3 are shown in Fig. 11. G5 ,,, and Gy,
have a periodicity associated with the sinusoidal periodicity in
sin(3m x duty — cycle). Noise performance in the mixer arrays
can be optimized by engineering duty-cycle of each subcarrier
pulse. For UNTI-mixer arrays, with the same logics applied in
(15), the gptimmumrduty=cycte minimizing NF for each of the
v © ()] T, (t) and T, (¢)|in Fig. 10 can be found as
( AT, ) 0371
MT.) g

If a three-mixer array is used to utilize the 3rd-harmonic tone
{(m = 3) of the subcarrier for demodulations, then the optimum
duty-cycle will be 0.371/3 = 12.4%, which can be seen in
the results shown in Figs. 11(a) and 11(c). As in fundamental
mixers, a fully differential subcarrier (Fig. 11(c)) will exhibit
the best SNR performance compared with the other types of
subcarrier. For the differential subcarrier, 50% of duty-cycle is
near optimum to get the maximum SNR. Note that in the time-
interleaving technique with the differential subcarrier, signal
power gain in the CNTI-mixer array can be larger than noise
power gain. This process gain comes from the array configura-
tion where by adding coherent signals and random noises before
mixer arrays, effective SNR can be increased by the factor of the
array length M, when compared with the SNR in a single mixer.
From Fig. 11, it can also be confirmed that the SNR performance
in the CNTI-array will be superior to that in the UNTI-array.

~

(20)

C. Noise Filtering

The optimization of duty-cycle to maximize SNR could be an
economic solution for low frequency applications. However, it

g e-e-0-0 - -o - o 4

R S
...

@ Simulation for each case

...
@ Simulation for each case “a.

Power Gain (log)
Power Gain (log)

— G
===~ Gpnc (- Theory

Gpnu

0 0.1 0.2 03 04 05 0 01 02 03 0.4 0.5
Duty-Cycle (AT,/MT,, case-® with M=3 & m=3) Duty-Cycle (AT,/MT,, case-@ with M=3 & m=3)
(a) (b)

S-e-e -0 9-0-0-0-0-0 -0 0-0-0 90
@ Simulation for each case

Power Gain (log)
Power Gain (log)

0 [X] 02 03 04 05 "61 02z 03 04 05 06 07 08 09
Duty-Cycle (AT,/MT,, case-® with M=3 & m=3) Delay Ratio (T,/MT,, case-@:AT,IMT,=12% with M=3 & m=3)
(©) (d)

Fig. 11. Signal power gain, correlated noise power gain, and uncorrelated noise
power gain for a 3-mixer array (A4 = 3) with various types of subcarriers de-
scribed in Fig. 10(a) case with the unipolar subcarriehe non-
symmetrical bipolar subca ie(c) case with the asymmetric differential
bipolar subcarrien d) case with the asymmetric bipolar subcarrier
P, (t)|with an arbitrary delay of T\, . Theoretical calculations are based on the

expressions of G, ,» and Gy, ., in Table II. Simulations are done based on a
behavioral mixer model in ADS.

be a challenging task to control the duty-cycle with a high

accuracy at high frequencies, such as RF, microwave and mil-
limeter-wave carrier modulations. As an alternative approach
to the duty-cycle control, noise can be filtered out before the
TI-demodulator arrays. A noise filter can be realized with an af-
fordable manner at high frequencies using passive components.

1) Bandpass Noise Filtering: Consider applying an ideal
bandpass filtering to each TI-mixer array configuration in Fig. 9,
which is illustrated in Fig. 12. To simplify discussion, let’s as-
sume that the bandpass filter (BPF) has a finite bandwidth (BW)
extending over f 5 f1r centered at f,. Suppose the demodu-
lation is conducted by an ideal differential rectangular subcar-
rier of [U ® (£)|in Fig. 10 which has 50% duty-cycle with a
fundamental frequency of f. wup = (fs + frr) /M. If the filter
BW is smaller than 2 x f; su, then the noise spectrum will
not be aliased and the demodulation process will be equiva-
lent to an ideal sinusoidal multiplication process. In such sce-
nario, the M -th harmonic of f. sus(= M fesun = fs + fir)
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TABLE II
SIGNAL POWER GAIN (G s 1 ) AND NOISE POWER GAIN (G, ) IN THE TIME-INTERLEAVED DEMODULATION PROCESS PERFORMED BY EACH CARRIER IN FIG. 10.

GPSs"‘ Gpn,u Gpn,c
2 2 @ 2
@ sin | mn T sinmm AT, xM = ATy 1 1 . ATy \)? [ sinmn
mn MT, )| | sin™% MT, T, M2 tmsin ()| | S
M m=—oo M
ATy \)? [ sinmm ’ M(z AT, 1)2+ 2 i 2 i (o AT ? [ sinmn ’
@ {ES'“ ("‘”MT)} SinE M MT. M 2, {mn "MT.)) \sin 72

2 2 2 2
o [l (]| sttt | 13 (o) (m
mr © sin% MT, T. ﬁmzm mm ¢ mn

% (1 — cosmm) Sinﬁ

1

sin ( ATy ) ’ 2
— mn
@ mn MT. (Sinmn) ATy

2
de
X |2 —2cos (ZmnM—T)

- xM=2
sin%

1 cin ( ATX)
— mw——x
ATy 1 < mmn MT,

2
sinmn
MTe Te ﬁmzw 2 — 2cos (2mm L8 (Si“%)
X — 2C0S m1[M—TC

2

*Note: O, @, @, and @ represent each subcarrier type depicted in Fig. 10, respectively.
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Fig. 12. Noise filtering in time-interleaved carrier modulations and demodulation:
time-interleaved demodulator array with filtering correlated noises.

will demodulate the signal and noise. Output signal power gain
will be (2/7)* for both cases UNTI- and CNTI-mixer arrays in
Fig. 12. In view of noise the uncorrelated noise power gain in
Fig. 12(a), given as G, = 12, /i3 = (2/7) x M, will
be the same as the correlated noise power gain in Fig. 12(b)
given as Gy, o = 12, /12 = (2M/7)? x 1/M . When an ideal

s: (a) time-interleaved demodulator array with filtering uncorrelated noises, (b)

band-pass filtering is applied, the UNTI-mixer array will exhibit
the same SNR as in the CNTI-mixer array. In real implementa-
tions, the BPF can be realized as a tuned load of RF front-end
circuitry (e.g., LNAs) proceeding the mixer array.

2) Highpass Noise Filtering: While the BPF playing as an
antialiasing noise filter guarantees an optimum output SNR in
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Fig. 13. (a) Noise filtering around fundamental frequency of the subcarrier ¥;..(¢) with a highpass filter in time-interleaved mixer array with a time interleaving
factor M = 3, (b) conceptual description of spectral tones in the single path of the array.

TABLE 111
SIGNAL POWER GAIN (G e m ) AND NOISE POWER GAIN (Gpn,u) AFTER HIGH-PASS NOISE FILTERING IN THE TIME-INTERLEAVED DEMODULATION PROCESS
PERFORMED BY EACH CARRIER IN FIG. 10.

Gpn,u

Gpn,c
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*Note: @, @, @, and @ represent each subcarrier type depicted in Fig. 10, respectively.

the TI-mixer array, highpass filter (HPF) can also improve the
noise performance significantly in the UNTI-mixer arrays. This
is illustrated conceptually in Fig. 13 for the case of M = 3
with an ideal differential rectangular subcarrier having 50%
duty-cycle. Assuming a narrow IF-band in the array shown in
Fig. 13(a), only the 3rd-harmonic tone (f.) of the subcarrier
U;.(#) demodulates signal to the IF-band and all the other tones
involves noise aliasing. Noise modulation by the fundamental
tone (1/3f.) of the subcarrier accounts for about 81% of total
output noise power as illustrated in Fig. 13(b). Therefore, an
ideal filtering out the noise around the fundamental tone by
a HPF will improve the output SNR by 81%. The HPF will
also reject DC noise in CNTI-array with unipolar subcarriers,
reducing noise factor. However, for CNTI-array with bipolar
differential subcarriers, the correlated noises around the funda-
mental tone will be filtered out already by the transversal filter

inherited in the mixer array in ideal operation and extra filtering
by the HPF will not improve the noise performance.

In general M -array with uncorrelated noises, noises residing
lower sideband of the M -th harmonic tone of a subcarrier can
be rejected by a HPF. Table III summarizes correlated and un-
correlated noise power gain after the highpass noise filtering
when driven by different types of the subcamer In Table III,
(AT,/ (MT.)) and (1 — 2AT, / (MT.))? are the rejected DC

powers by the HPFs when the array is driven by the subcarrier
(f) andW, o (#)|in Fig. 10, respectively. In the table, 6

(h = 1 to M —T)expresses finite rejection ratio of the k-th har-
monic tone by the HPF: for example, 4; = 0.1 means —20 dIB
of rejection for the fundamental tone (= f./M) of the subcar-
rier.

The gain expressions in Table III have been verified with be-
havioral TI-mixer array simulations in ADS. Typical simula-
tion results for M = 3 with the various types of subcarrier
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Fig. 14. Signal power gain and uncorrelated noise power gain after a highpass
noise filtering for 3-mixer array (44 = 3) with various types of subcarriers
described in Fig. 10: (a) case with the upipola bcamierm(b) case with
the nonsymmetrical bipolar subca 'er(c) case with the asymmetric
differential bipolay subcarrie, and (d) case with the asymmetric bipolar
subcarrier [V ( t)|with an arbifrary delay of T 4. Theoretical calculations are

based on the expressions of Gy, and G, ., in Table III. Simulations are
done based on a behavioral mixer model in ADS.

depicted in Fig. 10 are shown in Fig. 14. The 3rd-order But-
terworth-type HPF has been utilized in the behavioral simula-
tions for the highpass noise filtering. In the simulation set-up,
the signal frequency is f; = 120 GHz, and the fundamental
frequency of subcarrier is f./M = 41 GHz, resulting in f7p =
3 GHzy. The filter cut-off frequency is about 80 GHz, around the
2nd-harmonic tone of the subcarrier. Under the filter response,
61 = 0.134 and 65 = 0.734, which will reject about 98% and
46% of the fundamental noise power and the second-harmonic
noise power, respectively, with a minimal loss for the signal.
In Fig. 14, the theoretical G, ., without noise filtering is also
displayed together for a comparison purpose. There is a good
agreement between the theory and behavioral simulation results.
For every case, output noise power can be reduced by an order
of magnitude with the noise filtering, while maintaining 50% of
duty-cycle.

Finally, it is worthwhile to mention that the linearity perfor-
mance, e.g., the 3rd order input intercept point (ITP3) or —1 dB
gain compression point (P_1 qp), of the mixer array would be
better than a single mixer, assuming that the linearity perfor-
mance of each individual mixer element in the array are the
same of the single mixer. For instance, in the M-array
the|(ITP3) af the mixer array will be 101log M higher than the
TIP3 of single mixer. This is because that in the M-element array,
the effective input power for individual mixer will be M times
smaller than the input power of the single mixer [22].

ac—tha
asS uIay

V. ERROR ANALYSIS

A. Mismatch Analysis

Fig. 15 illustrates the array experiencing random gain mis-
matches and delay mismatches among the elements. AT ,
(n =1toM — 1) represents delay mismatch in each subcarrier

from the reference subcarrier of ¥;.(¢) shown a

(n = 1 to M-1) expresses gain mismatch in each array path with
reference to the path gain which is modulated by the subcarrier
(D. The random mismatches can be addressed as errors in the

filter coefficients in the transversal filter. The gain mismatches
are equivalently expressed as amplitude mismatches among the
subcarriers. The AT, ,, and Aw. , will originate from a device
mismatch which is usually a random process having Gaussian
statistics in electronics. Therefore, the AT; ,, and Aw, ,, can
be treated as Gaussian random variables. Strictly speaking,
they are independent among the array elements, requiring a
joint probability of multiple random variables to describe the
mismatch behavior in the TI-mixer array [23].

To simplify the discussion and to estimate the error in first
order, following assumptions can be made. First, in real imple-
mentation a unit mixer will be repeated to form the mixer array,
which means the Aw, ,, will have an equal 1o-variance that can
be expressed as W,.. In incorporating a successive delay in the
subcarriers, an identical unit delay element can be cascaded and
the variance of AT, ,, will be same in each delay element, which
can be represented as 7. The worst case scenario will be that the
Aw, , and AT, ,, have a perfect correlation among the mixer el-
ements and the delay cells. In the worst case scenario, the vari-
ance of AT, ,, will be accumulated linearly when propagating
the delay chain in Fig. 15. These assumptions are reflected in the
transversal filter transfer function, T (f) in (21) at the bottom
of the following page, where the mismatch random variables
are incorporated in the complex weights in the first step and then
each random variable is approximated to its 1g-variance. Note,
W. and 77 can be treated as another Gaussian random variables
which are common to each mixer and delay element. W, and
7. will have the same statistical properties as Aw, ,, and AT, ,,
respectively.

Usually the random mismatches are weak perturbations and
it will be a reasonable assumption that 1 >> 7-/T. This allows
e~ imm(+7/Te) = o =im® — cosmm in (21), resulting in the ap-
proximation of the magnitude response of the transversal filter
transfer function as

m

IT. ()] = |T. (—) | = integer

MT,
<1+ ;:) (M — 1))

3 mnr e
sin ( o 1+ T

mm
S11 ( A

=14+ (1 + WE) cos mm

(22)

The output signal, i,s  (f), under the finite mismatches in the
array will be

'ios,s (f) =1, (f) Wi (f) T, (f) .

The signal power gai ismatches can be
found by replacing [sin ma/ sin ma /M) |with |T. (f)|? in

Table II and Table III. The uncorrelated noise power gain under
the mismatches in UNTI-mixer arrays, G, . corresponding
t0 Gy o 1n (18), can be given as

(23)

ion,ua (f) — Ln (f)\:[jzc (f) Ta (f)
ion,uez (f) = lon,ue (f) ion,ua(f)*
— M-1
T =i 21 (HPF 1+ Y (1+ W)
=1
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Error-free process Time-interleaving under mismatches Equivalent transversal filter with mismatch errors
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the noises in the UNTI-mixer arrays, the output noise power

® and therefore G, e is not dependent of phase mismatches, but

gain und

results from Monte-Carlo simulations in ADS. 1o -variance of 7. = £2% and
1 -variance of 7. of (equivalently +2.4° of 1o phase-variance).

proportional to the variance of the amplitude mismatches. For
the CNTI-mixer arrays in Fig. 9(b), the correlated noise power

er the mismatches, G, . corresponding to in (19), will

be approximated as (25), shown at the bottom of the page.
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Fig. 17. Contour plots of the noise factor, F (m = 3) in (13), of UNTI-mixer arrays with A7 = 3 (duty-cycle: 50%) under weight and delay mismatches: (a) noise
factor without noise filtering, (b) noise factor with an ideal bandpass noise filtering, and (c) noise factor with an ideal high-pass noise filtering (only fundamental

ton rejected by an ideal HPF).

B. Mismatch Behavioral Simulations

The mismatch models have been verified through Monte-
Carlo (MC) mismatch simulations in ADS. Typical simulation
results are shown in Fig. 16 for the case of M = 3. The differ-
ential subcarrier|V_ ()| with 50% duty-cycle is utilized. It
can be confirmedfromrtire’ MC simulations that the worst case
error distribution happens when Aw, 1 and Aw, » have a per-
fect correlation; and AT g (6 = 1and 2) inFig. 15 accumulates
coherently across the delay chain as discussed. For a conserva-
tive estimation, the Gaussian mismatch variables have been set
as following in the ADS MC simulations: two independent vari-
ables of Aw, 1 and Aw, » are set as the same variable with £5%
of lo—variance; and AT, o = 2AT,; where AT, 1/T. has
+2% of lo—variance and AT} 5 /T, has £4% of lo—variance,
respectively. Figs. 16(a) and 16(b) show probability distribu-
tions after 2000 ADS MC runs for each case of UNTI- and
CNTI-mixer arrays, respectively. The theoretical distributions
in Fig. 16 have been estimated using (24) and (25) in MATLAB
statistical simulations: 1o—variances of W. and 72 /T, are 5%
and 2%, respectively. There is a good agreement between the
ADS MC simulations and the theoretical estimations.

For the UNTI-array (M = 3) under the weight and delay
mismatches, noise factor F'(m = 3) has been calculated based
on (23) and (24). Fig. 17 displays contour plots of the noise
factors which are well agreed with ADS behavioral simula-
tion results. Fig. 17(a) show the noise factor without noise fil-
tering. Figs. 17(b) and 17(c) are the cases with an ideal band-
pass and highpass noise filtering, respectively. As expected, the

TI-mixer array with uncorrelated noises exhibits a high sensi-
tivity to the mismatches (reference: when and without noise fil-
tering, F(3)= 3/0.405 = 7.4). The bandpass and highpass noise
filtering, however, reduce the sensitivity to the mismatches dra-
matically in the UNTI-mixer array. From ADS MC simulations,
it can also be confirmed that in CNTI-mixer arrays sensitivity
to mismatches can be reduced substantially by a bandpass noise
filtering as well.

VI. CONCLUSIONS

This paper proposes a time-interleaved carrier modulation
and demodulating technique. The present method is essentially
a mixer array technique relying on a parallel interleaving of a
series of modulated outputs in the time domain. The time-inter-
leaved mixer array inherits a filtering function from a transversal
filter, and the time interleaving process is equivalent to a selec-
tive filtering of a fundamental tone and its harmonics of car-
rier signals. A carrier waveform and duty-cycle play a critical
role in the noise performance of the arrays, and a comprehen-
sive noise analysis is presented for both correlated and uncor-
related noises. Analytical mismatch models are provided and
verified through ADS Monte-Carlo simulations. The time-inter-
leaved array technique will allow a high-speed in carrier modu-
lations and demodulations with a trade off a system complexity.
It will be a promising solution to realize high-frequency fre-
quency mixing systems extending over millimeter and sub-mil-
limeter wave regime under a limitation of active device speed.
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Time Interleaved RF Carrier
Modulations and Demodulations
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Abstract—This paper proposes a time-interleaved RF car-
rier modulation and demodulation technique, suitable for high
frequency mixer applications under a constraint of active de-
vice speed limitation. The presents are in essence mixer arrays
where modulated outputs by a series of time-delayed carriers
with a reduced frequency, compared with a carrier frequency
in fundamental mixers, will be interleaved in the time domain
to synthesize the final output. The mixer arrays inherit an FIR
filtering function, and the time interleaving process is equivalent
to the filtering process where the arrays select the fundamental
tone or its harmonics of a carrier in a periodic manner. The
carrier waveform and duty-cycle play important roles in the noise
performance of the mixer arrays. A comprehensive noise analysis
is presented in this paper for both cases of correlated-noise and
uncorrelated-noise mixer arrays. To minimize output noise power,
optimization of carrier duty-cycle and noise filtering technique
have been proposed and analyzed extensively for various types of
carrier pulse. Finally analytical mismatch models are provided
and output SNR degradations under finite mismatches amongst
mixer array elements have been discussed based on the mismatch
models. All theoretical analyses are verified through behavioral
mixer array simulations including Monte-Carlo statistical simu-
lations.

Index Terms—Array, demodulator, FIR filter, mixer, mixer
array, modulator, multiphase, radio frequency, time interleaving,
transversal filter, wireless communications.

I. INTRODUCTION

ECENTLY wireless communications at millimeter
R (mm)-wave and submillimeter wave ranges have been
gaining growing attentions to achieve a high data-rate over
several 10’s Gb/s [1]-[3]. One of key technical huddles in
realizing the high-speed communications in integrated circuit
technologies is the carrier modulations and demodulations, due
to a lack of carrier source having a high spectral purity with an
adequate output power at such high frequencies. To circumvent
the issue from the system perspective, heterodyne architectures
have been adopted to reduce required carrier frequency at the
expense of a hardware complexity and image issue involved in
the double conversions [4]-[6]. A subharmonic mixing (e.g.,
2x, 4x even-harmonic carrier modulation) has been another
popular choice for a minimum amount of signal processing
at the mm-waves and therefore to relieve the speed burden
on the local oscillator (LO) paths in the mm-wave mixer

Manuscript received February 12, 2013; revised May 17, 2013; accepted June
24, 2013. This paper was recommended by Associate Editor J. Ma.
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Fig. 1. (a) Fundamental mixer (modulation frequency: f. = 1/71%), (b) time-
interleaved (TI) mixer array with a time-interleaving factor of A4 (modulation

frequency: f./M), and (c) rectangular pulse trains for the fundamental mixer
and the TI mixer arrays.

designs [7]-[9]. A constant progress has also been made to
push oscillation frequency of voltage controlled oscillators
over sub-terahertz realms in solid-state electronics [10]-[12].
Yet because of a limited active device speed, major challenges
have been posed in implementing practical carrier modulation
and demodulation systems with a fundamental mixer at the
high-end of the mm-wave regimes [12].

In this paper, a time-interleaved carrier modulation and de-
modulation technique has been proposed to enable mm-wave
and submillimeter wave frequency mixers under the constraints
of the device speed limitations. Fig. 1(b) illustrates a time-in-
terleaved carrier modulator which is essentially a mixer array
where each mixer modulates the input signal with a reduced fre-
quency, compared with the fundamental mixer in Fig. 1(a). By
interleaving the modulated outputs from individual mixers, the
final output will contain the same frequency information as in
the fundamental mixer. An essential benefit in the time-inter-
leaved modulation is that the carrier frequency can be reduced
by a factor of the number of time interleaving. This allows less
speed burden on electronics generating carrier signals, which
will be a particular benefit when realizing high-speed commu-
nication electronics in silicon processes suffering from a rela-
tively low device speed compared with that of compound semi-
conductors [13]-[15].

The time-interleaved mixer arrays inherit a filtering function
of a transversal filter [16], and the interleaving process is es-
sentially a filtering process where fundamental tone and its har-
monics of a carrier can be filtered selectively, which is elab-
orated in Section II. The waveform and duty-cycle of carriers

1549-8328 © 2013 IEEE
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Fig. 2. Fundamental and time-interleaved carrier modulations with bipolar differential carriers: (a) modulation with fundamental carrier frequency using bipolar
on-off switches ((D :input signal; (2 : bipolar rectangular carrier pulse; (3 : modulated output; and (3 : spectral components of the output normalized by the
input peak magnitude), (b) time-interleaved modulation with 1/3f.. of carrier frequency (time interleaving factor: 3, @ : input signal; @, ® and @: bipolar
rectangular subcarrier pulses; (3, (& and (3 : modulated outputs by (@, (3 and (@, respectively; (3 : final time-interleaved output; and (9 : spectral components
of the output normalized by the input peak magnitude). For both cases, (& = fe £ fs, ® =3f —c L fs, © =50f —cLt fe,and @ =7f — L fs.

play important roles in the noise performance of the arrays. An
extensive noise analysis is presented in Sections III and IV. Op-
timization of the duty-cycle and noise filtering technique to re-
lieve the noise issue are proposed in Section IV. The mixer array
will be subjected to mismatches between array elements and an-
alytical mismatch models have been provided in Section V. All
the theories in the paper have been verified through behavioral
mixer simulations including Monte-Carlo statistical simulations
in Advance Design System (ADS) [17].

II. TIME INTERLEAVED CARRIER MODULATIONS

Carrier modulation is fundamentally a multiplication process
and Fig. 2(a) shows a typical way of realizing the carrier
multiplication relying on the on-off switch modulation [18].
The bipolar differential square-wave having 50% duty-cycle,
expressed as (1) in the frequency domain, turns on each
switch differentially per cycle. This will modulate input signal
vs (1) = Vpsin(2nfst) where fs = 1/T,. By adding each
switch output differentially the final modulated output is illus-
trated as (3) in the time domain.

TT77I'

\I’bc é S’Ln D) e—jmﬂ/Zé (f — mfc) . (1)

:}

m=1

Equivalently, the input signal will be convoluted by ¥y, (f) in
the frequency domain, resulting in a series of frequency modu-
lation of the input by the fundamental tone and its harmonics of
Uy (f). InFig. 2(a) @ shows first a few major spectral tones of
the modulated output, which are normalized by the peak magni-
tudeof the input: @ = fo £ f5, @ =3fc £ fs, @ =5fc £ fs,
and @ = 7f. £ fs. In typical fundamental mixers, a narrow-
band filtering will be applied to the output in order to select the
fundamentally modulated components shown as (2).
Fig. 2(b) illustrates a time-interleaved (TI) modulation with
a time interleaving factor of 3 to realize the same modulation
functionality as in Fig. 2(a). In essence the system is a switch
array and each switch will be driven by a series of the bipolar
square-waves with 50% duty-cycle, called subcarriers repre-
sented as (2), (3) and (@), respectively. The subcarrier frequency
will be reduced by the time-interleaving factor, compared with
the fundamental mixer. From the reference of the subcarrier
(), the subcarriers 3) and (1) undergo a successive cumula-
tive delay of T'.. Modulations of input signal by each subcarrier
®), (3 and @) will output (5), &) and (7), respectively. An in-
stantaneous combining (or interleaving) of all the outputs gives
the final output of (8) which contains the same spectral compo-
nents as in Fig. 2(a).
In general the reference subcarrier (2) can be expressed in
terms of the fundamental carrier frequency of f.. This is given
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Fig. 3. A transversal filter equivalent to the delay-sum operation in the time-
interleaved carrier signal in (3): wp = w1 = way =
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as (2) in the frequency domain for an arbitrary odd number of
the time-interleaving factor 1.

_ = 4 sin (%) —jmm /2 m
‘I’b,sc (f) - ‘mzz_oo %Te ) (f — H C) N
M =odd. )
Consequently, the summation of total subcarriers will be
M—1 .
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In (3), 2n {1 is a phase delay caused by the time delay of 7
for the subcarriers having f. /M of frequency. Thanks to the si-
nusoidal periodicity, it can be shown that Uy, ;. (f) = Ty (f),
and the TI-modulation is a convolution of the input with the
Uy, 1o (f). In the frequency domain, the final modulated output
after the interleaving process will be

vout(f) = ‘Ijb,tc(f) ® vs(f) = (4)

Note that under the constraint of 50% duty-cycle in the sub-
carriers only odd number of time interleaving is allowed. The
limitation is due to the fact that the time interleaving process
is inherently a filtering process: i.e., the term ZM 1 e—skam fT.
in (3) represents a transfer ﬁlnCthl‘l from the transversal filter
where filter taps have unity weight after a successive time delay
of T.[16]. The transversal filter equivalence in the time do-
main is shown in Fig. 3 where wg = w; = wy = w3 =
wy—1 = 1. Wy .. () and Wy 4. (¢) are the time domain rep-
resentations of Wy .. (f) and Wy 4. (f), respectively. The di-
rect-form transversal filter can select (or reject) only the spectral
tones comprising ¥, 5. (t). With 50% duty-cycle, ¥y, . (f) in
(2) contains fundamental tone of f./M and its odd harmonics
of mf./M (m = odd). Therefore, in order to filter the desired
spectral tone of f., the length of the transversal filter (or the
time-interleaving factor of A1) needs to be an odd integer larger
than 1.

However, if the duty-cycle of the subcarriers is not 50% and
if they have a finite DC component, i.e., waveform of the sub-
carriers is differentially nonsymmetrical, then they contain both
even and odd harmonics. These are the cases illustrated as (1)
and () in Fig. 4. When considering an arbitrary duty-cycle of

Uy ® 'Us(f)

MT.

o nnn

Fig. 4. Rectangular pulse subcarriers ({3 : a unipolar subcarrier, 3 : a non-
symmetrical bipolar subcarrier, and (@ : an asymmetric bipolar subcarrier).

AT/ (MT,) for the subcarriers where M7 is a period and AT
is an active on-time, the waveforms of (1) and @) can be ex-
pressed as (5) and (6), respectively, in the frequency domain.
In these cases spectral components of the subcarriers will be
mf./M(m = integer), containing both even- and odd-order
tones. Therefore, an even length M will also enable to filter the
spectral tone of f. as long as AT/ (MT,) # 50%.

: AT
9] 1 SN mﬂ'ﬁ
Yoo ()= ;w
 p—imTAT/MT. g (f 4 %fc) . (5)
AT
[e's) 9 sin | mrw
¥ ® (f) = p #
w @ ImRAT/MT. 5 (f - %fc) —6(f).
(6)

It is worthwhile to note that the asymmetric (or differentially
symmetric) bipolar subcarrier illustrated as (3) in Fig. 4, ex-
pressed as (7) in the frequency domain, contains only odd har-
monics. Thus, only odd length of M is allowed to choose the f.
tone.

AT
el 1 ) sin (’HLTF]\[T )

Z = (1 — cosmm
s m

)

v, e—j‘mﬂAT/f\ché (f o
As an example, for the unipolar subcarrier in (5) the final net
carrier after M times of interleaving will be given as

=¥, (e

M-1
=1, @fle e

oo )=

(7

v, @)

sin (mm) o—im(M—1)x/M
3

sin ()

=V @)

m =integer, ®)
where T'(f) = is the transfer function of the
transversal filter in Fig. 3. When M = 2, from (5) and (8) it can
be found that AT/ (MT,) = 25% or 75% will give the max-
imum 2nd -harmonic power, leading to the maximum output
power when the input is modulated by the 2nd-harmonic tone.
Fig. 5 illustrates the cases of M = 2 with 25% and 75% duty-cy-
cles, which essentially represents a behavioral model of the 2x

M 01 — 527 f8T.
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Fig. 5. Time-interleaved carrier modulation with interleaving factor Af = 2:
(a) 25% duty-cycle, (b) 75% duty-cycle.

subharmonic mixer found in many RF applications [19]-[21]. In
essence, the 2x and 4x subharmonic mixers [7] can be regarded
as subsets of the TI mixer array, corresponding to M = 2 and
M = 4, respectively. For both cases in Fig. 5, the interleaving
of @ and (5), which are modulated outputs by the subcarrier

(@ and (3), respectively, will output the final waveforms of ().
The final outputs (Figs. 5(a) and 5(b)) will have the same spec-
tral components as those in Fig. 2 except for the input leakage
tone which is modulated by the DC component of the subcar-
riers. The magnitude of the input leakage to the output will be
3 times larger when the duty-cycle is 75%, because the average
total subcarrier power (or DC power) is 3 times larger when
AT/ (MT.) = 75% than when AT/ (MT,) = 25%. The
larger carrier power will produce larger output noise, which will
be detailed in the next sections.

III. NOISE IN CARRIER DEMODULATIONS

Carrier demodulation is a reciprocal process of the carrier
modulation, and in general noise is of particular concern in the
demodulation process since incoming signal power tends to be
weak, susceptible to the system noises in typical wireless com-
munication systems. Consider the abstraction of a single bal-
ance mixer shown in Fig. 6(a), which demodulates a modulated
signal (presumably an RF signal) and translates the signal fre-
quency, f,, down to an intermediate frequency of frp = f.— fs
(high-side carrier injection). In a typical realization of the carrier
demodulator in FET technologies, input voltage signal (v, =
Vs rmsSinwst) will be gated to the transconductor (M, ). The
transconductor will transform the input signal into a current
(15 = s rmssinwst), while generating a noise current (7,,) as
well. For simplification, let’s assume the noise current is white
Gaussian noise, which will be a reasonable assumption for typ-
ical down-conversion mixers. In the single-balanced demodu-
lation, the signal and noise currents will be modulated by the
switch pair (Mg 2) driven by the carriers (2) and (b), effectively
turning the switch pair on and off alternatively per period. The

® ®
@i

@ F® ::8>_ ® _
Ms1 MSZ = e ias+ itm
® =
ng Mc n
i @
@i U

Z:%_’ @ i('s+ i”"
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"[ll]"l]n[ll]l]”n[l[”]”[l[”]”nou
@"OFF 0>Nt
® _ [NATIInn. .,

ﬂﬂﬂﬂﬂﬂﬂfﬂ1ﬂﬂﬂﬂﬂﬂﬂﬂ1.
ST

@

©)

4/3n

Input Alsn a7

noise floor

Los,rms=
is,rms® 2Im--

/ <«—Output
noise floor

fr=fo ts f

®)
Fig. 6. (a) Single-balanced switching mixer ((» and (® : square-waves turning
switch M1 » on and off alternatively, (3 : transconductor output signal and
noise currents, (2 : bipolar square-wave equivalent to the switch on-off modula-
tion, and (3 : demodulated signal and noise outputs), (b) conceptual description
of the signal and noise demodulation in one-sided spectral domain ((D : input

signal current to the demodulator, () : spectral tones of the bipolar square-wave,
and (3 : demodulated signal and noise outputs).

demodulated signal and noise will be taken differentially at the
output of 3). The demodulation process is equivalent to modu-
lating the 4, and 4,, with a unity bipolar carrier illustrated as )
and taking the intermediate output tone.

In the example, the carrier demodulation involves only a half
power of the fundamental carrier tone (f.), and the other half
power will contribute to the modulation of the signal to a higher
frequency of f. 4+ fs. In Fig. 6(b) the input noise floor will be
set by the transconductor noise ,,. Assuming 50% duty-ratio in
the bipolar pulse train, the carrier contains fundamental and its
odd harmonic tones. A uniqueness in the demodulations with
rectangular pulse trains is that while signal will be modulated
down to a desired IF-band by a tone (usually by a fundamental
tone), noise will be modulated by all harmonics as well as by
the fundamental tone since the noise is essentially a thermal
noise causing a frequency aliasing. This is illustrated in Fig. 6(b)
where every noise spectrum distancing + f7 offset (upper side-
band) or — frp offset (lower sideband) from the fundamental
tone and its harmonics will be demodulated to the same interme-
diate frequency as the signal, degrading the SNR at the output.

Because every spectral tone of a carrier pulse will contribute
to the noise demodulation, overall power gain factor for the de-
modulated noise (G, = i2,/i2) will be the same as the car-
rier power, recalling Parseval’s power theorem [18]. The car-
rier waveform and duty-cycle play critical roles in the carrier



KOH et al.: TIME INTERLEAVED RF CARRIER MODULATIONS AND DEMODULATIONS 5

Te s
S I I N PO
b I I s
N N O I e
° nnna
o oo b,
® nnnn
Simimimimmigip

Ta®

Fig. 7. Rectangular carrier pulses with a duty cycle AT/T., < 50%(T.:
period, (D : ¥ o (#)- unipolar pulse, @ : ¥ 5, (#)- nonsymmetrical bipolar
pulse, 3®: T €] (f)—asymmetric bipolar differential (Tq = 1/2T.) pulse,

and @:¥ (f)—asymmetric bipolar pulse with an arbitrary T4 under a con-
straint of AT < Tyg < T, — AT.

power and therefore in the output SNR. Fig. 7 shows several
cases of rectangular carrier pulses with a finite duty-cycle. In
the frequency domain each carrier pulse train can be expressed
as (9)—(12) at the bottom of the page.

As a practical consideration the duty-cycle is limited to 50%:
ie., AT/T, < 1/2. The waveform of (), ¥ 4 (), is a gen-
eral case of a differential pulse train having a half-period delay
in the negative pulse. For a completeness of consideration, the
waveform of @), ¥ . (¢), is included and has an arbitrary delay
T, subjected to AT < Ty < T, — AT for the negative pulse.
¥ 2 () contains only fundamental tone and its odd harmonics,
but introducing Ty (# T./2) in ¥ 0 (t) allows even harmonic
tones in (12): note |Ty — T../2| x 2r f. represents a differen-
tial phase mismatch which induces even harmonics in the asym-
metric bipolar pulse train. In (12) harmonic power of the m-th

tone will be maximized when Ty /T, = k/ (2m) where k = odd
and k/m < 1.

Generally speaking, any harmonic spectral component as
well as a fundamental tone in rectangular pulses can be utilized
for carrier modulations and demodulations. Table I lists signal
power gains (Gps,m = 124 pms/12 rms) and noise power gains
(Gpn = i2,/i2) when they are demodulated by the m-th
harmonic tone of each carrier pulse in Fig. 7. The Gy, in the
table is essentially the carrier power of each carrier type. It
should be emphasized that the ratio of G, / Gps,m addresses a
noise factor (NF) [18] of the demodulation process itself:

(S‘Z\TR)i'nput
(S‘Z\TR)orutput
Gpn
= 1
Cpon’ (13)
Noise Figure : NF (m) =10 x logF (m)

=10 x log (%) . (14)
ps,m

Note that NF is a function of the order of the modulation tone
(m) and the carrier duty-cycle. When a carrier demodulation
is conducted by a fundamental tone of the unipolar carrier of
¥ (t) in Fig. 7, then AT/T. = 25% and 75% will give the
same signal power gain of Gps1 = 1/ (271'2), but noise power
will be different for each case: G, = 1/4 for AT/T, = 25%
and Gp, = 3/4 for AT /T, = 75%. This results in 3 times
larger noise factor in the case with 75% of duty-cycle than the
other case: i.e., F(1) = 72/2 for AT/T, = 25%, and F(1) =
372 /2 for AT /T, = 75%. Usually a larger duty-cycle than 50%
will worse noise effect and in typical designs the duty-cycle will
be limited to 50% to minimize the noise degradation. This is the

Noise Factor : F (m) =

® : Unipolar carrier, ¥ @ (N

AT
TC

> 1 sin (m7r

™ m

M=—0o0

) e ImmATTz6 (f —mf.) ©)

@ : Nonsymmetrical bipolar carrier, ¥ o) ()

: AT
2 g sin (mrg :
_ _Me—]'mﬂ'AT/Tué(f —mfc) _6(f) (10)
m=—o0 T m
® : Asymmetric differential bipolar carrier, ¥ g (f)
: AT
oo sin (mm g y
_M (1 — cosmm) e ™™ AT/ L5 (f —mf,) (b

s m

m=—0oQ

@ : Asymmetric bipolar carrier with a delay Ty, ¥ @ ()

o 8in (nm T )

™ m

M=—0o0

where AT < Ty <T,— AT.

_ Z 1\ (1 B e—ijﬂ'Td/Tc) e=imTAT/Teg (f _ypf.)

(12)
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TABLE I
SIGNAL POWER GAIN (G5 ) AND NOISE POWER GAIN (G'p,yy) IN THE
DEMODULATION PROCESS BY EACH CARRIER IN FIG. 7.

G

Lsin mn—ﬂ AT
mm Tc 2 ?
x (1 — cosmm) ¢

1 ( AT 2

—sin| mr—
mr T, AT
2—
O, T, T
X |2 —2cos 2m1tT—

Note: ©, @, ®, and @ represent each subcarrier
type depicted in Fig. 7, respectively.

main reason for imposing the limitation of AT/T,. < 1/2 asa
practical consideration in this paper.

To verify the theory, behavioral mixer simulations are per-
formed in ADS. Fig. 8 shows results when the fundamental tone
(m = 1 in the Table I) is utilized for the carrier demodulation.
The theoretical NF calculations are based on (14) by applying
Gps,m and G, in Table 1, and agreed well with the behavioral
simulations. From the Table I, the optimum duty-cycle for max-
imum signal power gain for all cases can be given as AT/T,. =
k/ (2m) where k = odd and k < m: for example, if a funda-
mental tone (m = 1) is utilized for the demodulation, then 50%
duty-cycle will give the maximum signal power gain. However,
the optimum duty-cycle for maximum SNR is not necessarily
coincided with that for the maximum signal power gain. The
output SNR will be proportional to 1/F (m) = Gps.m/Gpn-
Therefore, it is apparent from the Table I that, except for the
case (2), the optimum duty-cycle minimizing the noise factor
can be found as the maximizing (15), resulting in (16) as the
condition for the optimum duty-cycle.

(AT _ [, ATQAT_lh AT _1
TC =q8mm|mm Tc Tc , wnere TC =3

(15)

AT

o) (27)

d T,
—1
AT > . < AT ) 5
TC opt Tc opt

= m(AT> =~ (0.371.
opt

When m = 1, (AT/T.),, is about 37.1% which can be
confirmed from the behavioral simulation results shown in
Figs. 8(a) and &(c). In general if the m-th harmonic tone of
the carrier ¥ 4y (¢) or ¥ 5 (¢) in Fig. 7 is used for a carrier
demodulation then the optimum duty-cycle for the maximum
SNR will be (AT/T.),,, = 0.371/m. For the case of ¥ ® (t),
noise power is always unity. Therefore, the duty-cycle for the
maximum signal power will give the maximum SNR. It is

= tan mﬂ'(

(16)
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Fig. 8. Noise figure NF(m = 1) when the fundamental tone of each carrier in
Fig. 7 is utilized for the carrier demodulation: (a) NF(m = 1) with the carrier
T € (#), (b) NF(m = 1) with the carrier ¥ 5 (t), (¢) NF(m = 1) with the
carrier ¥ 5 (¢) and (d) NF(m = 1) with the carrier ¥ 4 (1) (AT/T, =
37%:). Theoretical calculations are based on the expressions of G, ., and G,
in Table I. Simulations are done based on a behavioral mixer model in ADS.

worthwhile to mention that in a single sideband carrier demod-
ulation based on an ideal sinusoidal multiplication, NF will be
3 dB since noise is populating at double sidebands of a carrier
while signal is residing at single sideband. The differential
rectangular pulse of ¥ 4 (¢) gives a near optimum NF of 3.36
dB with 37.1% of duty-cycle, as shown in Figs. 8(c) and 8(d).

IV. NOISE IN TIME-INTERLEAVED CARRIER DEMODULATION

A. Correlated and Uncorrelated Noises in Mixer Arrays

Consider two cases of TI-mixer arrays with a time-inter-
leaving factor of M, shown in Fig. 9. In Fig. 9(a) each mixer
will be driven by an individual current signal accompanied by
a noise current which has no correlation among others, called
uncorrelated-noise time-interleaved (UNTI) mixer array’. The
array can be transformed equivalently into a single mixer where
an equivalent modulation carrier, W,.(f), can be synthesized
by adding all delayed subcarriers of Wi, (). As discussed, the
delay-sum operation of the subcarriers is inherently a filtering
process with a transversal filter, which is illustrated in Fig. 10
for various types of subcarrier pulses. In Fig. 9(b) all the signal
and noise currents are added before driving mixer array, and
therefore each mixer will see the same unified single noise
source which behaves like a correlated signal to the mixer array,
called ’correlated-noise time-interleaved (CNTI) mixer array’.
The coherent signal currents are added linearly in current
domain, increasing their magnitude by a factor or /A/. But the
uncorrelated noises will be added in power domain, effectively
increasing their »ms magnitude by a factor of in Fig. 9(b). In
terms of the signal currents there is no difference between the
two array topologies, and in the frequency domain the output
signal will be

Zos(f) :Zs(f)®lpzc®T(f) (17)

, where T(f) is the transfer function of the transversal
filter given in (8). In view of noise, however, each mixer
in the UNTI-mixer array will be driven by an uncorrelated
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Fig. 9. Time-interleaved carrier modulation/demodulation with a time interleaving factor of A : (a) time-interleaved mixer array with uncorrelated noises to each
mixer (UNTI-mixer array), (b) time-interleaved mixer array with correlated noises to each mixer (CNTI-mixer array).

noise and the net result is that all the subcarriers’ fundamental in2 m sin (mx) :
and harmonic tones will involve in the noise demodulation. =—® |V (—f c) Sy se——
. o . M M) sin (%F)
This effectively increases output noise power by a factor of the :
time-interleaving factor as expressed in (18). In the CNTI-mixer ionc (f)
array in Fig. 9(b), each mixer is driven by a correlated noise. = Gpne = 71, 3
Therefore, only the subcarriers’ spectral tones which are filtered ™ 9
in through the transversal filter will participate in the noise < =1 v m sin (mmw) 19
demodulation, which is expressed mathematically in (19). - Z M| (Mf C) sin (m_v}r) (19)
In (18) and (19), Gpn,« and Gy, . mean uncorrelated noise
tonu () =in (H@®V,. (f) =i (Y@ T, (HT(f) power gain and correlated noise power gain in each UNTI- and
— ; - % CNTI-mixer array, respectively. A net difference between the
=don,u” () = lon,u (f) fon,u(f) A !

correlated and uncorrelated noises in TI-mixer arrays is that the

=i’ ® 1@ (F)1 x M uncorrelated noise will be added linearly versus the transversal

fom w2 f) filter length (or mixer array length) of A, while the correlated
= Gpnu = —— noise will be shaped by the transversal filter.
In
= 2 B. Duty-Cycle Control
=Mx 3 |w(501) (g T Purtye Cono
. M In the TI-mixer arrays with M times of interleaving, the de-
W in (F) modulation process relies on the AM-th harmonic tone of the
bone () = "—” @V, (fi=" 7 v, (fH®@T(f) subcarrier spectrum. For each case of the subcarrier type illus-
4 4

trated in Fig. 10, Table II shows signal power gain and noise
Sione (f) =done (f)ionc(f) power gains for both cases of UNTI- and CNTI-mixer arrays.
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Fig. 10. Filtering rectangular carrier pulses using a transversal filter which is equivalent to the carrier synthesis based on the delay-sum operation in time-inter-

leaved mixer arrays with A4 of time interleaving factor. (D : W _

(#)- unipolar subcarrier pulse, @ : ¥_

(#)- nonsymmetrical bipolar subcarrier pulse, & :

v ® (t)—asymmetric bipolar differential (Tax = 1/ 2MT, subcarrier pulse, and @: ¥ @ (t)—asymmetric bipolar subcarrier pulse with an arbitrary T,

under a constraint of ATy < Tax < MT, — AT,,.

Gps,m is signal power gain when the demodulation is con-
ducted by the m-th harmonic tone of the subcarriers. Because
of a perfect correlation among the noises, noise power gain in
the CNTI-mixer array (Gp,,c in Table II) can be expressed
in terms of the signal power gain, G, ¢, which can be much
smaller than that G, w from the UNTI-mixer array. The term
(sinm/ sinma /M) in G, and G py,. . comes from the har-
monic filtering function of the transversal filter inherited in the
mixer array. The theoretical power gains in Table II have been
verified through behavioral mixer array simulations in ADS, and
typical results for M = 3 are shown in Fig. 11. G5 1, and Gy,
have a periodicity associated with the sinusoidal periodicity in
sin(3w x duty — cycle). Noise performance in the mixer arrays
can be optimized by engineering duty-cycle of each subcarrier
pulse. For UNTI-mixer arrays, with the same logics applied in
(15), the optimum duty-cycle minimizing NF for each of the
LG (1), ¥, (t) and ¥y (t) in Fig. 10 can be found as

AT, 371
i o 0.37 . (20)
MT, opt m

If a three-mixer array is used to utilize the 3rd-harmonic tone
(m = 3) of the subcarrier for demodulations, then the optimum
duty-cycle will be 0.371/3 = 12.4%, which can be seen in
the results shown in Figs. 11(a) and 11(c). As in fundamental
mixers, a fully differential subcarrier (Fig. 11(c)) will exhibit
the best SNR performance compared with the other types of
subcarrier. For the differential subcarrier, 50% of duty-cycle is
near optimum to get the maximum SNR. Note that in the time-
interleaving technique with the differential subcarrier, signal
power gain in the CNTI-mixer array can be larger than noise
power gain. This process gain comes from the array configura-
tion where by adding coherent signals and random noises before
mixer arrays, effective SNR can be increased by the factor of the
array length M, when compared with the SNR in a single mixer.
From Fig. 11, it can also be confirmed that the SNR performance
in the CNTI-array will be superior to that in the UNTI-array.

C. Noise Filtering

The optimization of duty-cycle to maximize SNR could be an
economic solution for low frequency applications. However, it
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Fig. 11. Signal power gain, correlated noise power gain, and uncorrelated noise
power gain for a 3-mixer array (M = 3) with various types of subcarriers de-
scribed in Fig. 10(a) case with the unipolar subcarrier ¥ () case with the non-
symmetrical bipolar subcarrier ¥, (), (c) case with the asymmetric differential
bipolar subcarrier ¥ (#), and (d) case with the asymmetric bipolar subcarrier
W, (1) with an arbitrary delay of T'4. Theoretical calculations are based on the
expressions of G s, and Gy, o, in Table II. Simulations are done based on a
behavioral mixer model in ADS.

will be a challenging task to control the duty-cycle with a high
accuracy at high frequencies, such as RF, microwave and mil-
limeter-wave carrier modulations. As an alternative approach
to the duty-cycle control, noise can be filtered out before the
TI-demodulator arrays. A noise filter can be realized with an af-
fordable manner at high frequencies using passive components.

1) Bandpass Noise Filtering: Consider applying an ideal
bandpass filtering to each TI-mixer array configuration in Fig. 9,
which is illustrated in Fig. 12. To simplify discussion, let’s as-
sume that the bandpass filter (BPF) has a finite bandwidth (BW)
extending over fs = 27 centered at f5. Suppose the demodu-
lation is conducted by an ideal differential rectangular subcar-
rier of W_ = (1) in Fig. 10 which has 50% duty-cycle with a
fundamental frequency of fesub = (fs + frr) /M. If the filter
BW is smaller than 2 x f. ;,s, then the noise spectrum will
not be aliased and the demodulation process will be equiva-
lent to an ideal sinusoidal multiplication process. In such sce-
nario, the A -th harmonic of fe sus(= M fe su = fs + f1F)



KOH et al.: TIME INTERLEAVED RF CARRIER MODULATIONS AND DEMODULATIONS

TABLE II
SIGNAL POWER GAIN (G5 1) AND NOISE POWER GAIN (G, ) IN THE TIME-INTERLEAVED DEMODULATION PROCESS PERFORMED BY EACH CARRIER IN FIG. 10.

Gps,m Gpn,n Gpl'l.C
2 T T 2
Ty sinmn ATy ATy 1w (1 AT sinmn
- XM= — - X
@ {m s (mn MTc)} <sm %) MT. T M mzw {m" s (mn MTc>} sin ¢
T, \)? ’ AT, 2w (2 AT \)? [ si ’
2 ATy sinmn X . x sinmnm
—sin|mn M M(Z - 1) + = {—sm <mn )}
@ {m” ( MTc)} (sm %) MT, M ,; mmn MT, sin%
2 2 2 2
@ Lsin (,,,,,L?;f‘) sinmn 2 ATy M=2 ATy 1 isin (mnl\‘jl_?) sinmm
mm /(| nmE MT, T, M Z me | \sinZE
X (1 — cosmm) M m=-w X (1— cosmm) M
1. ( ATX) 2 1 ( ATX) 2
—sin|mn 2 —sin|mn 2
@ mn MT. <sinmn ATy ATy 1 i mn MT, sinmn
Tax sin ¢ MT. T, M T~ Tax sin Tt
X [2—2cos (ZmnM—Tc) M m X |2 —2cos (Zmn MT ) M

*Note: O, @, @, and @ represent each subcarrier type depicted in Fig. 10, respectively.
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Fig. 12. Noise filtering in time-interleaved carrier modulations and demodulations: (a) time-interleaved demodulator array with filtering uncorrelated noises, (b)

time-interleaved demodulator array with filtering correlated noises.

will demodulate the signal and noise. Output signal power gain
will be (2/m)? for both cases UNTI- and CNTI-mixer arrays in
Fig. 12. In view of noise the uncorrelated noise power gain in
Fig. 12(a), given as Gpp 0 = i2,,,/i2 = (2/7)% x M, will
be the same as the correlated noise power gain in Fig. 12(b)
given as Gpn,c =12, ./i2 = (2M/x)* x 1/M. When an ideal

band-pass filtering is applied, the UNTI-mixer array will exhibit
the same SNR as in the CNTI-mixer array. In real implementa-
tions, the BPF can be realized as a tuned load of RF front-end
circuitry (e.g., LNAs) proceeding the mixer array.

2) Highpass Noise Filtering: While the BPF playing as an
antialiasing noise filter guarantees an optimum output SNR in
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Fig. 13. (a) Noise filtering around fundamental frequency of the subcarrier U;..(t) with a highpass filter in time-interleaved mixer array with a time interleaving
factor A = 3, (b) conceptual description of spectral tones in the single path of the array.

TABLE 111
SIGNAL POWER GAIN (Gps.1m ) AND NOISE POWER GAIN (G, ) AFTER HIGH-PASS NOISE FILTERING IN THE TIME-INTERLEAVED DEMODULATION PROCESS
PERFORMED BY EACH CARRIER IN FIG. 10.

Gpn,u

2 2
ATy (AT M-1 a1 . ATy 2w (1 ., ATy \)? [ sinmm
@ <_MT£ - (_MTE> -2 zk=l (1-8%)| 4 -sin <k1r MTC> xM i Zl {ﬁ sin (mn' MTt)} sin%

® (1—(1

24T, \ 2 M-1 2 AT,
- -2 1-6,2)| —si (k
MTC) Zk=1 (A-80| i sin{km g

c

2 w 2
M 2 2 ATy % [ sinmm
) x M Z mm S\ MT, sin ™
m=1 M

S o e o )

X (1 — coskm)

2

2 gin (kn ATy >
AT, km MT,

M-1
@ 2 T ZH (1-832)

xM
x |2 —2cos|(2kn Tax
MT,

1

*Note: @, @, ®, and @ represent each subcarrier type depicted in Fig. 10, respectively.

the TI-mixer array, highpass filter (HPF) can also improve the
noise performance significantly in the UNTI-mixer arrays. This
is illustrated conceptually in Fig. 13 for the case of M = 3
with an ideal differential rectangular subcarrier having 50%
duty-cycle. Assuming a narrow IF-band in the array shown in
Fig. 13(a), only the 3rd-harmonic tone (f.) of the subcarrier
W;.(t) demodulates signal to the IF-band and all the other tones
involves noise aliasing. Noise modulation by the fundamental
tone (1/3f.) of the subcarrier accounts for about 81% of total
output noise power as illustrated in Fig. 13(b). Therefore, an
ideal filtering out the noise around the fundamental tone by
a HPF will improve the output SNR by 81%. The HPF will
also reject DC noise in CNTI-array with unipolar subcarriers,
reducing noise factor. However, for CNTI-array with bipolar
differential subcarriers, the correlated noises around the funda-
mental tone will be filtered out already by the transversal filter

inherited in the mixer array in ideal operation and extra filtering
by the HPF will not improve the noise performance.

In general M -array with uncorrelated noises, noises residing
lower sideband of the A -th harmonic tone of a subcarrier can
be rejected by a HPF. Table III summarizes correlated and un-
correlated noise power gain after the highpass noise filtering
when driven by different types of the subcarrier. In Table III,
(AT, / (MT,))* and (1 — 2AT, / (MT,))* are the rejected DC
powers by the HPFs when the array is driven by the subcarrier
L) (t)and ¥ @ (t) in Fig. 10, respectively. In the table, 6
(k =1to M — 1) expresses finite rejection ratio of the k-th har-
monic tone by the HPF: for example, §; = 0.1 means —20 dB
of rejection for the fundamental tone (= f./M) of the subcar-
rier.

The gain expressions in Table III have been verified with be-
havioral TI-mixer array simulations in ADS. Typical simula-
tion results for M = 3 with the various types of subcarrier
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Fig. 14. Signal power gain and uncorrelated noise power gain after a highpass
noise filtering for 3-mixer array (A = 3) with various types of subcarriers
described in Fig. 10: (a) case with the unipolar subcarrier Uy, (1), (b) case with
the nonsymmetrical bipolar subcarrier ¥, (#), (c) case with the asymmetric
differential bipolar subcarrier ¥, (#), and (d) case with the asymmetric bipolar
subcarrier W, (#) with an arbitrary delay of T . Theoretical calculations are
based on the expressions of G5, and Gy, in Table III. Simulations are
done based on a behavioral mixer model in ADS.

depicted in Fig. 10 are shown in Fig. 14. The 3rd-order But-
terworth-type HPF has been utilized in the behavioral simula-
tions for the highpass noise filtering. In the simulation set-up,
the signal frequency is fs = 120 GHgz, and the fundamental
frequency of subcarrier is f./M = 41 GHz, resulting in f;p =
3 GHz. The filter cut-off frequency is about 80 GHz, around the
2nd-harmonic tone of the subcarrier. Under the filter response,
61 = 0.134 and 62 = 0.734, which will reject about 98% and
46% of the fundamental noise power and the second-harmonic
noise power, respectively, with a minimal loss for the signal.
In Fig. 14, the theoretical G, Without noise filtering is also
displayed together for a comparison purpose. There is a good
agreement between the theory and behavioral simulation results.
For every case, output noise power can be reduced by an order
of magnitude with the noise filtering, while maintaining 50% of
duty-cycle.

Finally, it is worthwhile to mention that the linearity perfor-
mance, e.g., the 3rd order input intercept point (ITP3) or —1 dB
gain compression point (P_; 4p), of the mixer array would be
better than a single mixer, assuming that the linearity perfor-
mance of each individual mixer element in the array are the
same as that of the single mixer. For instance, in the M-array
the (ITP3) of the mixer array will be 101log M higher than the
IIP3 of single mixer. This is because that in the M-element array,
the effective input power for individual mixer will be M times
smaller than the input power of the single mixer [22].

V. ERROR ANALYSIS

A. Mismatch Analysis

Fig. 15 illustrates the array experiencing random gain mis-
matches and delay mismatches among the elements. AT, ,
(n =1 to M — 1) represents delay mismatch in each subcarrier
from the reference subcarrier of lIliC(t) shown as (DAw. ,
(n = 1to M-1) expresses gain mismatch in each array path with
reference to the path gain which is modulated by the subcarrier

(. The random mismatches can be addressed as errors in the

filter coefficients in the transversal filter. The gain mismatches
are equivalently expressed as amplitude mismatches among the
subcarriers. The AT ,, and Aw. ,, will originate from a device
mismatch which is usually a random process having Gaussian
statistics in electronics. Therefore, the AT, ,, and Aw, ,, can
be treated as Gaussian random variables. Strictly speaking,
they are independent among the array elements, requiring a
joint probability of multiple random variables to describe the
mismatch behavior in the TI-mixer array [23].

To simplify the discussion and to estimate the error in first
order, following assumptions can be made. First, in real imple-
mentation a unit mixer will be repeated to form the mixer array,
which means the Aw, ,, will have an equal 1o-variance that can
be expressed as W.. In incorporating a successive delay in the
subcarriers, an identical unit delay element can be cascaded and
the variance of AT, ,, will be same in each delay element, which
can be represented as 7. The worst case scenario will be that the
Aw, ,, and AT, ,, have a perfect correlation among the mixer el-
ements and the delay cells. In the worst case scenario, the vari-
ance of AT, ,, will be accumulated linearly when propagating
the delay chain in Fi ig. 15. These assumptions are reflected in the
transversal filter transfer function, T. (f) in (21) at the bottom
of the following page, where the mismatch random variables
are incorporated in the complex weights in the first step and then
each random variable is approximated to its 1o-variance. Note,
TW. and 7= can be treated as another Gaussian random variables
which are common to each mixer and delay element. V. and
7z will have the same statistical properties as Aw, ,, and AT, ,,
respectively.

Usually the random mismatches are weak perturbations and
it will be a reasonable assumption that 1 > 77 /7. This allows
e~ Imm(+7e/Te) o2 p=im™ = cogmir in (21), resulting in the ap-
proximation of the magnitude response of the transversal filter
transfer function as

m

IT- (f)] = |T- (.MT>| m = integer

sm(m ( Z) J\[—l)

sin (m—v}r( )

The output signal, 7es.- (f), under the finite mismatches in the
array will be

1+ (1+W—'5) cosmm

ﬁl*l

(22)

iosg (f) - is (f) \I’ic (f) Ta (f) .

The signal power gain G, ., under the mismatches can be
found by replacing (sinmn/ sinmn /M ) with | T (f)* in
Table II and Table III. The uncorrelated noise power gain under
the mismatches in UNTI-mixer arrays, Gpy, e corresponding
to G'pn o in (18), can be given as

ion,ue (f) :in (f)qlm (f) TE (f)
ion,ugz (f) — ion,us (f) ion,'ug(f)*

M-1 5
P D (1)

(23)

=i 2|, (f
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Fig. 15. Time-interleaving process with errors from gain and delay mismatches among the array elements (the dotted rectangular pulses are ideal subcarriers).
AT, ,, (n = 1 to M-1) represents delay mismatch in each subcarrier with reference to the subcarrier of (3. Aw. , (n = 1 to M-1) expresses gain mismatch
from in each array path with reference to the path modulated by the subcarrier of (3) .
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Fig. 16. Statistical mismatch simulation results of noise power gains in the
TI-mixer arrays without noise filtering (M = 3, duty-cycle of subcarriers =
30%): (a) UNTI-mixer array, and (b) CNTI-mixer array. Bar graphs are the
results from Monte-Carlo simulations in ADS. 1o -variance of 7o =
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It should be noted that due to a lack of coherence among
the noises in the UNTI-mixer arrays, the output noise power
and therefore G'p, - is not dependent of phase mismatches, but
proportional to the variance of the amplitude mismatches. For
the CNTI-mixer arrays in Fig. 9(b), the correlated noise power
gain under the mismatches, G, .- corresponding to in (19), will
be approximated as (25), shown at the bottom of the page.

m .
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Fig. 17. Contour plots of the noise factor, F(rn = 3) in (13), of UNTI-mixer arrays with A = 3 (duty-cycle: 50%) under weight and delay mismatches: (a) noise
factor without noise filtering, (b) noise factor with an ideal bandpass noise filtering, and (c) noise factor with an ideal high-pass noise filtering (only fundamental

tone, , is rejected by an ideal HPF).

B. Mismatch Behavioral Simulations

The mismatch models have been verified through Monte-
Carlo (MC) mismatch simulations in ADS. Typical simulation
results are shown in Fig. 16 for the case of M = 3. The differ-
ential subcarrier W_ 4y (1) with 50% duty-cycle is utilized. It
can be confirmed from the MC simulations that the worst case
error distribution happens when Aw, ; and Aw, » have a per-
fect correlation; and A7 3 (8 = 1 and2)inFig. 15 accumulates
coherently across the delay chain as discussed. For a conserva-
tive estimation, the Gaussian mismatch variables have been set
as following in the ADS MC simulations: two independent vari-
ables of Aw, 1 and Aw, » are set as the same variable with +5%
of lo—variance; and AT, 5 = 2AT.; where AT, /T, has
+2% of lo—variance and AT} 5 /T, has +4% of lg—variance,
respectively. Figs. 16(a) and 16(b) show probability distribu-
tions after 2000 ADS MC runs for each case of UNTI- and
CNTI-mixer arrays, respectively. The theoretical distributions
in Fig. 16 have been estimated using (24) and (25) in MATLAB
statistical simulations: 1o—variances of W. and 72/T. are 5%
and 2%, respectively. There is a good agreement between the
ADS MC simulations and the theoretical estimations.

For the UNTI-array (M = 3) under the weight and delay
mismatches, noise factor F'(m = 3) has been calculated based
on (23) and (24). Fig. 17 displays contour plots of the noise
factors which are well agreed with ADS behavioral simula-
tion results. Fig. 17(a) show the noise factor without noise fil-
tering. Figs. 17(b) and 17(c) are the cases with an ideal band-
pass and highpass noise filtering, respectively. As expected, the

TI-mixer array with uncorrelated noises exhibits a high sensi-
tivity to the mismatches (reference: when and without noise fil-
tering, F(3)= 3/0.405 = 7.4). The bandpass and highpass noise
filtering, however, reduce the sensitivity to the mismatches dra-
matically in the UNTI-mixer array. From ADS MC simulations,
it can also be confirmed that in CNTI-mixer arrays sensitivity
to mismatches can be reduced substantially by a bandpass noise
filtering as well.

VI. CONCLUSIONS

This paper proposes a time-interleaved carrier modulation
and demodulating technique. The present method is essentially
a mixer array technique relying on a parallel interleaving of a
series of modulated outputs in the time domain. The time-inter-
leaved mixer array inherits a filtering function from a transversal
filter, and the time interleaving process is equivalent to a selec-
tive filtering of a fundamental tone and its harmonics of car-
rier signals. A carrier waveform and duty-cycle play a critical
role in the noise performance of the arrays, and a comprehen-
sive noise analysis is presented for both correlated and uncor-
related noises. Analytical mismatch models are provided and
verified through ADS Monte-Carlo simulations. The time-inter-
leaved array technique will allow a high-speed in carrier modu-
lations and demodulations with a trade off a system complexity.
It will be a promising solution to realize high-frequency fre-
quency mixing systems extending over millimeter and sub-mil-
limeter wave regime under a limitation of active device speed.
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