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Abstract— This paper proposes a time-interleaved RF carrier
modulation and demodulation technique, suitable for high
frequency mixer applications under a constraint of active device
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
simulations.

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

I. INTRODUCTION

Recently wireless communications at millimeter (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
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Fig. 1. (a) Fundamental mixer (modulation frequency: f, = 1/T,), (b)
time-interleaved (T1) mixer array with a time-interleaving factor of M
(modulation frequency: f./M), and (c) rectangular pulse trains for the
fundamental mixer and the TI mixer arrays.

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 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
demodulation 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-interleaved carrier modulator which is essentially a mixer
array where each mixer modulates the input signal with a
reduced frequency, 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-interleaved 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 communication electronics in
silicon processes suffering from a relatively low device speed
compared with that of compound semiconductors [13]-[15].
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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 (@:input signal; @: bipolar rectangular carrier pulse; ®: modulated output; and @: spectral components
of the output normalized by the input peak magnitude), (b) time-interleaved modulation with 14f. of carrier frequency (time interleaving factor:
3, @: input signal; ®, ® and @: bipolar rectangular subcarrier pulses; ®, ® and @: modulated outputs by @, ® and @, respectively; ®: final
time-interleaved output; and @: spectral components of the output normalized by the input peak magnitude). For both cases, @= f. + f;,

®=3f, + f;, ©=5f, t f;, and D= 7f, % f,.

The time-interleaved mixer arrays inherit a filtering function
of a transversal filter [16], and the interleaving process is
essentially a filtering process where fundamental tone and its
harmonics of a carrier can be filtered selectively, which is
elaborated in section Il. The waveform and duty-cycle of
carriers play important roles in the noise performance of the
arrays. An extensive noise analysis is presented in section Il
and 1V. Optimization of the duty-cycle and noise filtering
technique to relieve the noise issue are proposed in section 1V.
The mixer array will be subjected to mismatches between array
elements and analytical 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].

Il. 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(t) = V,sin(2nf;t) where f; = 1/T;. By adding each
switch output differentially the final modulated output is
illustrated as ® in the time domain.

W, (F) = Yo, 25D oimEs(f—mf). (1)

A m

Equivalently, the input signal will be convoluted by W,.(f) in
the frequency domain, resulting in a series of frequency
modulation of the input by the fundamental tone and its
harmonics of W,,.(f). In Fig. 2 (a) @ shows first a few major
spectral tones of the modulated output, which are normalized
by the peak magnitude of the input: @= f_+ f, ®=3f_+f,,
©=5f,+f_,and = 7f_= f_. Intypical fundamental mixers,
a narrowband 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
represented 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 ® and @ undergo a successive
cumulative delay of T.. Modulations of input signal by each
subcarrier @, ® and @ will output ®, ® and @, respectively.
An instantaneous combining (or interleaving) of all the outputs
gives the final output of ® which contains the same spectral
components as in Fig. 2 (a).
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Fig. 3. Atransversal filter equivalent to the delay-sum operation in the
time-interleaved carrier signal in (3): W= W1= W)= W3= Wy;=1.
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Fig. 4. Rectangular pulse subcarriers (®: a unipolar subcarrier, @: a
nonsymmetrical bipolar subcarrier, and ®: an asymmetric bipolar
subcarrier)
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In general the reference subcarrier @ can be expressed in
terms of the fundamental carrier frequency of f.. This is given
as (2) in the frequency domain for an arbitrary odd number of
the time-interleaving factor M.

Yo 4 sin(mm/2) —jmZ m _
Wy oo (f) = Tinee s D e Ime (f =21, ), M = odd.
. @)
Consequently, the summation of total subcarriers will be
lIJb tc(f) sz_O1 lpb sc(f)e_jkznch M = odd

sm(MrrfT) _
=%, sc(f) sm(n:ng JjM-1)mfTe f = me/M

lIJb sc(f) sinmr) —]m(M 1)_ M,m = M X odd

()

- anli—“n(’":"/ 2eIMES(f - nf,). 3

In (3), 2rf T, is a phase delay caused by the time delay of T, for
the subcarriers having f./M of frequency. Thanks to the
sinusoidal periodicity, it can be shown that Wy, ,.(f) = W, (f).
and the TI-modulation is a convolution of the input with the
W, ¢ (f). In the frequency domain, the final modulated output
after the interleaving process will be

vour(f) = "Pb,tc(f) ® vs(f) = Ppc(f) ® v (). 4)

Note that under the constraint of 50% duty-cycle in the
subcarriers 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
M- Le~ik2nfTe 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 domain is shown in Fig. 3 where
Wo=W1=W,=W5=Wy1=1. Wy (t) and W, ..(t) are the time
domain representations of W}, ;. (f) and W, ..(f), respectively.
The direct-form transversal filter can select (or reject) only the
spectral tones comprising W, ;.(t). With 50% duty-cycle,
W, 5c(f) in (2) contains fundamental tone of f,/M and its odd

harmonics of m f_/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
subcarriers 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
AT /(MT,) for the subcarriers where MT, is a period and AT is
an active on-time, the waveforms of ® and @ can be expressed
as (5) and (6), respectively, in the frequency domain. In these
cases spectral components of the subcarriers will be m f./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%.

W () = By 20T i () )
lys,@(f) AT
= g 2 s (Y s @)

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

lys,@ (f)

1 sin(mn
= Si=-w (1~ cosmm)

) s (£ - 1), )

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

lyts,@ (f) = Lps,@ (f) ® T(f)
co(f) @ Bf=3 e~r2mhe

( ) -
= W, () S im0

)

, Where T(f) = X§=) e /2™/FTe 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 maximum
2"-harmonic power, leading to the maximum output power
when the input is modulated by the 2"-harmonic tone. Fig. 5
illustrates the cases of M=2 with 25% and 75% duty-cycles,
which essentially represents a behavioral model of the 2x
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 Tl mixer array, corresponding to
M=2 and M=4, respectively. For both cases in Fig. 5, the
interleaving of @ and ®, which are modulated outputs by the
subcarrier @ and ®, respectively, will output the final
waveforms of ®. The final outputs (Fig. 5 (a) and (b)) will have
the same spectral components as those in Fig.2 except for the
input leakage tone which is modulated by the DC component of
the subcarriers. 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

= integer (8)
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Fig. 5. Time-interleaved carrier modulation with interleaving factor M=2:

AT /(MT,) =25%. The larger carrier power will produce larger
output noise, which will be detailed in the next sections.

I1l. 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
communication systems. Consider the abstraction of a single
balance mixer shown in Fig. 6. (a), which demodulates a
modulated signal (presumably an RF signal) and translates the
signal frequency, f;, down to an intermediate frequency of
fir = f. — f; (high-side carrier injection). In a typical
realization of the carrier demodulator in FET technologies,
input voltage signal (vs = vs,msSinw,t) will be gated to the
transconductor (M). The transconductor will transform the
input signal into a current (iy = i ,msSinwst), while generating
a noise current (i,;) as well. For simplification, let’s assume the
noise current is white Gaussian noise, which will be a
reasonable assumption for typical down-conversion mixers. In
the single-balanced demodulation, the signal and noise currents
will be modulated by the switch pair (Mg ,) driven by the
carriers @ and (), effectively turning the switch pair on and off
alternatively per period. The demodulated signal and noise will
be taken differentially at the output of ®. The demodulation
process is equivalent to modulating the i; and i, 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. + f;. In Fig. 6 (b) the input noise floor
will be set by the transconductor noise i,,. Assuming 50%
duty-ratio in the bipolar pulse train, the carrier contains

2V,

(b)
(a) 25% duty-cycle, (b) 75% duty-cycle.

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
+f,r offset (upper sideband) or —f; offset (lower sideband)
from the fundamental tone and its harmonics will be
demodulated to the same intermediate 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
demodulated noise (G,, = t2,/13) will be the same as the
carrier power, recalling Parseval’s power theorem [18]. The
carrier waveform and duty-cycle play critical roles in the carrier
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

@: Unipolar carrier, W (f)

; AT AT
= zz:_wﬁw e S (f — mf), ©)
@: Nonsymmetrical bipolar carrier, W (f)
o 2 sin(mni—T) _ jmng
= Yo TS (f —mf) = 8(F),  (10)

m
®: Asymmetric differential bipolar carrier, ¥ (f)

, AT
1S m(mnT—)

<Z(1- cosmﬂ)e_jmn%ﬂf -mf.), (11)

= Z?ﬁ:_mn m
@: Asymmetric bipolar carrier with a delay Tq4, Wo (f)
1 Si"(mﬂi_’r) —]'Zmn:T—d —jmmiT
= i (1= ) MRS (f — ),
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Fig. 6. (a) Single-balanced switching mixer (@ and ®: square-waves
turning switch Mg, , on and off alternatively, @: transconductor output
signal and noise currents, @: bipolar square-wave equivalent to the
switch on-off modulation, and ®: demodulated signal and noise
outputs), (b) conceptual description of the signal and noise
demodulation in one-sided spectral domain (@: input signal current to
the demodulator, @: spectral tones of the bipolar square-wave, and ®:
demodulated signal and noise outputs).

where AT < T, <T.—AT. (12)

As a practical consideration the duty-cycle is limited to 50%:
i.e., AT /T, < 1/2. The waveform of ®, Wg(t), is a general
case of a differential pulse train having a half-period delay in
the negative pulse. For a completeness of consideration, the
waveform of @, Wy (t), is included and has an arbitrary delay
T, subjected to AT < T, < T, — AT for the negative pulse.
Y (t) contains only fundamental tone and its odd harmonics,
but introducing T,; (# T./2) in W (t) allows even harmonic
tones in (12): note |T; — T,./2| x 27 f, represents a differential
phase mismatch which induces even harmonics in the
asymmetric bipolar pulse train. In (12) harmonic power of the
m-th tone will be maximized when T, /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 = i2srms/i5rms) @nd noise power gains
(Gpn = 12,/12) 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

5
@t 1°t
e
)
o nnnmn._.
T
© I
A

Fig. 7. Rectangular carrier pulses with a duty cycle AT/T.<50% (T,:
period, @: W (t)- unipolar pulse, @: We (t)- nonsymmetrical bipolar
pulse, ®: Wg(t) - asymmetric bipolar differential (T4=1/2T,) pulse,
and @: Wg (t) - asymmetric bipolar pulse with an arbitrary T4 under a
constraint of ATST <T-AT.

TABLE |. SIGNAL POWER GAIN (Gpg v) AND NOISE POWER GAIN (Gpy)
IN THE DEMODULATION PROCESS BY EACH CARRIER IN FIG. 7.

Gps,m Gpn

o it | ¥
o i) |
) |

X (1 — cosmm)

sm( AT)

T. LT

@ i ( Td)f T.
X |2 —2cos 2mnT—

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

should be emphasized that the ratio of Gy, /Gy, addresses a
noise factor (NF) [18] of the demodulation process itself:

- . _ (SNR)input _
Noise Factor: F(m) = B~ on/ Gps.ms (13)
Noise Figure: NF(m) = 10 X logF(m)
=10 X log(Gpn/Gpsm)- (14)

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
Yo (t) in Fig. 7, then AT /T,=25% and 75% will give the same
signal power gain of G5, = 1/(2m?), but noise power will be
different for each case: G, = 1/4 for AT/T.=25% and
n = 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:
e., F(1) =n?/2 for AT/T,=25%, and F(1) = 3w?/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 main
reason for imposing the limitation of AT/T, <1/2 as a
practical consideration in this paper.
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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 W (t), (b) NF(m=1) with the carrier W (t), (c) NF(m=1) with the carrier W (¢t) and (d) NF(m=1) with the carrier Wg (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.

To verify the theory, behavioral mixer simulations are
performed 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, ., and G,,, in TABLE |, and agreed well with the
behavioral simulations. From the TaBLE I, the optimum
duty-cycle for maximum signal power gain for all cases can be
given as AT /T, = k/(2m) where k = odd and k < m: for
example, if a fundamental 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) = Gy ./ Gpy. Therefore, it is apparent
from the TABLE | that, except for the case @, the optimum
duty-cycle minimizing the noise factor can be found as the
AT /T, maximizing (15), resulting in (16) as the condition for
the optimum duty-cycle.

f (AT—:) = {sin (mn AT—:)}Z (AT—:)_l,where AT—: < % (15)
af (5)/4(5) = 0
=tan (mn (AT—:)OM) (mn (AT—:)OW) =2
=m(AT /T,) ope = 0.371. (16)

When m=1, (AT/T.),p. is about 37.1% which can be
confirmed from the behavioral simulation results shown in Fig.
8 (a) and (c). In general if the m-th harmonic tone of the carrier

Yq (t) or We(t) in Fig. 7 is used for a carrier demodulation
then the optimum duty-cycle for the maximum SNR will be
(AT /Tc)ope = 0.371/m. For the case of We (t), noise power is
always unity. Therefore, the duty-cycle for the maximum signal
power will give the maximum SNR. It is worthwhile to mention
that in a single sideband carrier demodulation 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
We (t) gives a near optimum NF of 3.36 dB with 37.1% of
duty-cycle, as shown in Fig. 8 (c) and (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-interleaving 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, Wo(t), can be synthesized by adding all
delayed subcarriers of Wi(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 source which
behaves like a correlated signal to the mixer array, called
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Fig. 9. Time-interleaved carrier modulation/demodulation with a time interleaving factor of M: (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).
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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-interleaved mixer arrays with M of time interleaving factor. @: W ¢ (¢)- unipolar subcarrier pulse, @: W o (t)- nonsymmetrical bipolar
subcarrier pulse, ®@: W o (t) - asymmetric bipolar differential (Tq= %2MT,) subcarrier pulse, and @: W o (t) - asymmetric bipolar subcarrier

pulse with an arbitrary Tg, under a constraint of AT, ST, SMT-AT,.

‘correlated-noise time-interleaved (CNTI) mixer array’. The
coherent signal currents are added linearly in current domain,
increasing their magnitude by a factor or M. But the
uncorrelated noises will be added in power domain, effectively
increasing their rms magnitude by a factor of vM 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

ios(f) = 1s(f) ® Wi () ® T(f) A7)

, 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 noise and

the net result is that all the subcarriers’ fundamental and
harmonic tones will involve in the noise demodulation. This
effectively increases output noise power by a factor of the
time-interleaving factor as expressed in (18). In the
CNTI-mixer array in Fig. 9 (b), each mixer is driven by a
correlated noise. Therefore, only the subcarriers’ spectral tones
which are filtered in through the transversal filter will
participate in the noise demodulation, which is expressed
mathematically in (19).

lon,u(f) = ln(f) ® lIJoc(f) = ln(f) ® kpic(f) ® T(f)
= lon,uz(f) = lon,u(f)lon,u (f)*
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TABLE Il. SIGNAL POWER GAIN (Gps y) AND NOISE POWER GAIN (Gpy) IN THE TIME-INTERLEAVED
DEMODULATION PROCESS PERFORMED BY EACH CARRIER IN FIG. 10.

Gps,m Gpn,u Gpn,c
2 2 T T 2 2
ATy sinmn ATy ATy 1 < 1 AT sinmm
xM=—— — X
@ { nsm<mnMTc>} <sinm"> MT. T Mmzw {mﬂsm<mnMTc>} sin%
2 ’ AT, 22 (2 AT, \)? [ si :
2 ATX>} sinmm ( X ) { . ( x>} sinmn
—sin|(mm M M -1) + = —sin|mn -
@ {mn < MT.)J \sinZE MT, M; mn MT.)J | sin T
2 2 2 2
1 . o (1 AT .
— si —__Xx sin AT AT 1 —si X sin
@ [mwen(mrir)| (s a2 |45 sin (e )| (s
sin— MT. T. M sin—
X (1 — cosmmr) M m=-» \_ X (1 — cosmm) M
. AT, 1 . ATy z
o—sin | mm g 2 - —sin(mw 2
@ c sinmn 28Tx o 98Tk 1 mn c sinmn
« |2 —2c0s (2 Tax Si“";/ln MT, T, ﬁm_w s ) Tux sin"nl,f
k m”MTE J X — 2C0S mnMTc

*Note: @, @, @, and @ represent each subcarrier type depicted in Fig
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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 described in Fig. 10: (a) case with the unipolar subcarrier W o (t), (b) case with the nonsymmetrical bipolar subcarrier W ¢ (t), (C)
case with the asymmetric differential bipolar subcarrier W o (t), and (d) case with the asymmetric bipolar subcarrier W ¢ (t) with an arbitrary
delay of Tqy. Theoretical calculations are based on the expressions of Gy »,, and G, ,, in TABLE II. Simulations are done based on a behavioral

mixer model in ADS.

=142 ® Y (HIPxM

tonu2(f) m 2
= Gpn,u = %z(f) =M X Z‘;‘:l:—oo |lpic (Efc) (18)
tone () = 2L ® ¥,.(f) = 2L @ w,.(f) ® T(f)

= lon,cz(f) = lon,c(f)lon,c(f)*

P 2
_ _2 (m sin(mm)
- ;l/l ® lplc (M fc) sin(%)
- 2
> .
> Gy =y (5) 2 9

In (18) and (19), Gpp,, and Gy, Mean uncorrelated noise
power gain and correlated noise power gain in each UNTI- and
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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.
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Fig. 13. (a) Noise filtering around fundamental frequency of the subcarrier Wic(t) 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.

CNTI-mixer array, respectively. A net difference between the
correlated and uncorrelated noises in TI-mixer arrays is that
the uncorrelated noise will be added linearly versus the
transversal filter length (or mixer array length) of M, while the
correlated noise will be shaped by the transversal filter.

B. Duty-Cycle Control

In the TI-mixer arrays with M times of interleaving, the
demodulation process relies on the M-th harmonic tone of the
subcarrier spectrum. For each case of the subcarrier type

illustrated in Fig. 10, TABLE Il shows signal power gain and
noise power gains for both cases of UNTI- and CNTI-mixer
arrays. Gps, is signal power gain when the demodulation is
conducted 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,. in TABLE II) can be
expressed in terms of the signal power gain, Gy, =
Ym=—ow Gpsm/M, Which can be much smaller than that G,,,,,

from the UNTI-mixer array. The term (sinmm/sin™) 2 in



> |EEE review <

10

TABLE I11. SIGNAL POWER GAIN (Gps ) AND NOISE POWER GAIN (Gpy ) AFTER HIGH-PASS NOISE FILTERING
IN THE TIME-INTERLEAVED DEMODULATION PROCESS PERFORMED BY EACH CARRIER IN FIG. 10.

Gpn,u

Gpn,c

® (- =2 oo omlomi)) ) | 23

2
1 . ATy % [ sinmm
o Sin ( mm MT, Sin%

2A0Ty\? M-1 w2 . AT,
@ <1—<1— MTC) —zzk=1 {(1—5k ) Esm(anT

))}) | 23 [ Zn(mrd ) <%’"WZ>

@s{ig- fo-an (nleri) o

X (1 — coskm)

2

1 C 1 sin ATy sinmn :
M Z mn mnMTC —mT
Slnﬁ

[ 2 gin <k11 ATy >
AT M-1 ( knt MTC
@ 2 X 2

\)

)

1 sin ATy
1< mm mnMTC
x M

X (1 — cosmm)
2
(sinmn)
—.mm
sinpr

M Z de
m=-« | x |2 —2c0S|2mm MT
c

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

Gpsm and G,y . comes from the harmonic filtering function of
the transversal filter inherited in the mixer array. The
theoretical power gains in TABLE Il have been verified through
behavioral mixer array simulations in ADS, and typical results
for M=3 are shown in Fig. 11. G,sp, and Gy, have a
periodicity associated with the sinusoidal periodicity in
sin(3zxduty-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
Y o (1), W50 (t) and W ¢ (t) in Fig. 10 can be found as
ATy

()
If a three-mixer array is used to utilize the 3"-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 Fig. 11 (a) and (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
configuration 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 will be a challenging task to control the duty-cycle with a
high accuracy at high frequencies, such as RF, microwave and
millimeter-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

= 0.371/m.
opt

(20)

with an affordable 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
assume that the bandpass filter (BPF) has a finite bandwidth
(BW) extending over f, + 2f;r centered at f,. Suppose the
demodulation is conducted by an ideal differential rectangular
subcarrier of Wy (t) in Fig. 10 which has 50% duty-cycle
with a fundamental frequency of f. &, = (fs + fir)/M. If the
filter BW is smaller than 2xf, ¢,,,, then the noise spectrum will
not be aliased and the demodulation process will be equivalent
to an ideal sinusoidal multiplication process. In such scenario,
the M-th harmonic of f.qp (= Mfosup = fs + fir ) 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 Gy, = 12,,/12 = (2/m)% x M, will be the
same as the correlated noise power gain in Fig. 12 (b) given as
Gpnye = U2ne/12 = (2M/m)? 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 implementations, 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
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 3-harmonic tone (f) of the subcarrier Wi(t)
demodulates signal to the IF-band and all the other tones
involves noise aliasing. Noise modulation by the fundamental
tone (Yf,) 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
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Fig. 14. Signal power gain and uncorrelated noise power gain after a highpass noise filtering for 3-mixer array (M=3) with various types of

subcarriers described in Fig. 10: (a) case with the unipolar subcarrier W o (t), (b) case with the nonsymmetrical bipolar subcarrier W o (t), (c)
case with the asymmetric differential bipolar subcarrier W o (t), and (d) case with the asymmetric bipolar subcarrier W g (t) with an arbitrary
delay of Ty Theoretical calculations are based on the expressions of Gy, and Gy, ,, in TABLE I11. Simulations are done based on a behavioral

mixer model in ADS

fundamental 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 Il summarizes correlated and
uncorrelated noise power gain after the highpass noise filtering
when driven by different types of the subcarrier. In TABLE 11,
(AT,/(MT,))? and (1 — 2AT,/(MT,))? are the rejected DC
powers by the HPFs when the array is driven by the subcarrier
Y o () and W, o (t) in Fig. 10, respectively. In the table, &y
(k=1 to M-1) expresses finite rejection ratio of the k-th
harmonic tone by the HPF: for example, §;=0.1 means -20 dB
of rejection for the fundamental tone (= f./M) of the subcarrier.
The gain expressions in TABLE Il have been verified with
behavioral TI-mixer array simulations in ADS. Typical
simulation results for M=3 with the various types of subcarrier
depicted in Fig. 10 are shown in Fig. 14. The 3"-order
Butterworth-type HPF has been utilized in the behavioral
simulations 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 f;z=3 GHz. The filter cut-off frequency is about 80
GHz, around the 2"-harmonic tone of the subcarrier. Under the
filter response, §,=0.134 and 6,=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
performance, e.g. the 3" order input intercept point (11P3) or -1
dB gain compression point (P_i4g), of the mixer array would be
better than a single mixer, assuming that the linearity
performance of each individual mixer element in the array are
the same as that of the single mixer. For instance, in the
M-array the 11P; of the mixer array will be 10logM higher than
the I1P3 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
mismatches and delay mismatches among the elements. AT, ,
(n=1to M-1) represents delay mismatch in each subcarrier from
the reference subcarrier of Wi(t) shown as ©. Aw,, (n=1 to
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
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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=50%): (a) UNTI-mixer array, and (b) CNTI-mixer array. Bar graphs are the results from Monte-Carlo simulations in ADS.
1c-variance of W,=+5% and 1o-variance of 7,=+2% of T, (equivalently +2.4° of 1c phase-variance).

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
implementation a unit mixer will be repeated to form the mixer
array, which means the Aw,, will have an equal 1c-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 elements and the delay cells. In the
worst case scenario, the variance 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), 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, W, and T, 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.

m
T.(f) =T, (m),m = integer
c
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Fig. 17. Contour plots of the noise factor, F(m=3) in (13), of UNTI-mixer arrays with M=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, f,./3, is rejected by an ideal HPF).
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Usually the random mismatches are weak perturbations and
it will be a reasonable assumption that 1 >» 7, /T,. This allows
e Imrn(+7e/Te) = e=Jm™ = cosmm in (21), resulting in the

approximation of the magnitude response of the transversal
filter transfer function as

1= | (577)

=1+ 1+ W)cosmm

(21)

,m = integer
5"”<%(1+;:i)(“‘1)>
sin(%(1+;:‘z)) .

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

ios,s (f) =i (f) ® Wi (f) ® T, (f) (23)

The signal power gain G,,, under the mismatches can be

(22)

2
found by replacing (sinmn/sin %) with [T.(f)|? in TABLE
Il and Ill. The uncorrelated noise power gain under the
mismatches in UNTI-mixer arrays, Gp,,,. corresponding to
Gpny in (18), can be given as

lon,us (f) = m @ l'pic (f) @ Ts (f)

= lon,usz(f) = @us (f)lon,us (f)*
=1, @ Wi (NP1 + TF-1 A + W2}

= Gpn,us = {1 + (1 + WE)Z(M - 1)}2$=—oo|l'pic(f)|2

= M+ 20 - DD S [ ()] 29)

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, 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 G, in
(19), will be approximated as

lon,cs(f) = m ® Lpic(f) ® Ts(f)

tn(f)
VM
= lnn,caz(f) = @,cs(f)lon,cs(f)*
=2 @ W (NT(NI?

= Gpn,ce =

1 m 2

e G|

sin(%(1+;:‘z)(M—1)>
sin(%(1+;:‘z)>

Lim=—co

1+ (1 + W,.)cosmm

(25)
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
differential subcarrier Wy  (t) 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
perfect correlation; and AT, (f=1 and 2) in Fig. 15
accumulates coherently across the delay chain as discussed. For
a conservative estimation, the Gaussian mismatch variables
have been set as following in the ADS MC simulations: two
independent variables of Aw,, and Aw, , are set as the same
variable with 5% of lo—variance; and AT, , = 2AT, ; where
AT, /T, has +2% of lo-variance and AT, ,/T, has 4% of
lo—variance, respectively. Fig. 16 (a) and (b) show probability
distributions after 2000 ADS MC runs for each case of UNTI-
and CNTI-mixer arrays, respectively. The theoretical
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distributions in Fig. 16 have been estimated using (24) and (25)
in MATLAB statistical simulations: 1c—variances of W, and
7./ 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 simulation results.
Fig. 17 (a) show the noise factor without noise filtering. Fig. 17
(b) and (c) are the cases with an ideal bandpass and highpass
noise filtering, respectively. As expected, the TI-mixer array
with uncorrelated noises exhibits a high sensitivity to the
mismatches (reference: when W, = 7, = 0 and without noise
filtering, F(3)=3/0.405=7.4). The bandpass and highpass noise
filtering, however, reduce the sensitivity to the mismatches
dramatically 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-interleaved mixer array inherits a filtering function from a
transversal filter, and the time interleaving process is equivalent
to a selective filtering of a fundamental tone and its harmonics
of carrier signals. A carrier waveform and duty-cycle play a
critical role in the noise performance of the arrays, and a
comprehensive noise analysis is presented for both correlated
and uncorrelated noises. Analytical mismatch models are
provided and verified through ADS Monte-Carlo simulations.
The time-interleaved array technique will allow a high-speed in
carrier modulations and demodulations with a trade off a
system complexity. It will be a promising solution to realize
high-frequency frequency mixing systems extending over
millimeter and sub-millimeter wave regime under a limitation
of active device speed.
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