IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 15, NO. 5, MAY 2016 3643

Waveform Design With Interference Pre-cancellation
Beyond Time-Reversal Systems

Yu-Han Yang,Student Member, IEEENd K. J. Ray LiuFellow, IEEE

Abstract—n  wideband communication systems, the TR transmission techniques have been shown to be a promis-
time-reversal (TR) technique can boost the signal-to-noise ing solution to the energy-efbcient and low-complexity green
ratio (SNR) at the receiver with simple single-tap detection. It has wireless communication [1], [6].

been shown that conventional waveform design can signibcantly . . L.

improve the system performance of TR systems. However, when In high speed Wldeba}nd F:ommunlcatlon systems, however,
the symbol rate is very high, the severe intersymbol interference When the symbol duration is smaller than the channel delay
still limits the performance at high-power region. In this work, we ~ spread, the symbol waveforms are overlapped and thus inter-
study a new waveform design with interference pre-cancellation fere with each other. When the symbol rate is very high, the
by exploiting the message information to further improve the jhiar symbol interference (ISI) can be notably severe and causes
performance. In the proposed design, the causal interference . . . .

is subtracted by interference compensation, and the anticausal cru0|all performa_nce degradation [7], ,[8]' Further, in mult|-user .
interference can be further suppressed by conventional waveform downlink scenarios, the TR base-station uses each userOs partic-
design by virtue of the more abundant degrees of freedom. ular channel impulse response as the userOs symbol waveform to
The transmitter utilizes the information of previous symbols to  modulate the symbols intended for that user. Despite the inher-
enhance the signal quality while the receiver structure remains gt randomness of the channel impulse responses, as long as
simple. In the multiuser scenario, both the interuser interference L

and intersymbol interference can be similarly categorized by they are not orthogonal to ea(?h .othe.r, Wh'(_:h IS aImo;t always
the Causa"ty’ and then be tackled according|y by the proposed the case, these waveforms W|” |neV|tab|y |nterfere W|th eaCh
waveform design with interference pre-cancellation. The resulting other when transmitted concurrently. Hence, the performance
multiuser waveform design is a nonconvex optimization problem, of TR transmission can be impaired and even limited by the
for which two iterative algorithms are proposed and both are jntaryser interference (IUI). Moreover, interference can also

guaranteed to converge to suboptimal solutions. Simulation b dbvi i ltile t it ant inthe TR
results validate the convergence behavior and demonstrate the e caused by Incorporating multple transmit antenna in the

remarkable performance improvement over the conventional SYystems.
waveform design in the previous work. In a wideband environment, substantial degrees of freedom

are available for the transmitted waveforms to be designed
to combat the interference. Based on design criteria such as
system performance, quality-of-service (QoS) constraints, or
fairness among users, the waveform design can be formulated
as an optimization problem with the transmitted waveforms as
N BASIC time-reversal (TR) communication systems [1}the optimization valuables. The basic idea of waveform design
[2], the time-reversed channel impulse response servingigago delicately adjust the amplitude and phase of each tap of

the transmit waveform is able to boost the signal strength inl@e waveform based on the channel information, such that after
large delay spread channel in broadband communication. Aftemvolving with the channel, the received signal at the receiver
the transmitted TR waveform convolves with the multi-pathetains most of the intended signal strength and rejects or sup-
channel, the temporal focusing effect [3], [4] of the TR wavesresses the interference as much as possible. It can be shown
form re-collects the most of signal energy into a single tafhat the mathematical structure of waveform design is analo-

Color versions of one or more of the bgures in this paper agpagaiteilat@ilihe precoder design in MISO systems, since the
at http://ieeexplore.ieee.org. taps in waveform design act as the beamforming coefbcients

Digital Object Identiber 10.1109/TWC.2016.2524526 of the transmit antenna in the precoder design. In the litera-
ture, there have been many studies investigating the problems
of designing advanced waveforms to suppress the interference
[71D[13]. In [7], @ minimum mean-square-error (MMSE) wave-
form was proposed to suppress ISI and noise for a single-user
scenario without taking into account the rate back-off factor
in the optimization and thus the waveform is suboptimal. In
[8], multi-user joint power allocation and waveform design for
sum rate optimization was investigated in downlink TR sys-
tems. Different from the transmitter waveform design, in [14],
an iterative soft-decision feedback equalization algorithm was
introduced to combat the non-causal ISI created by the receiver
matched Plter.

Index Terms—interference cancellation, multi-user downlink,
time-reversal, waveform design.
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Besides the channel information, another important si@@mbining. The equivalent channel including the combin-
information the transmitter can exploit in the waveform designg process can be similarly analyzed, and the proposed
is the transmitted symbol information. Theoretically, if thalgorithms can be accordingly modibed to be applied in such
receiver interference is known to the transmitter, it is possibéystems.
to completely remove the interference by means of complicatedThe contributions of this paper are summarized as follows.
coding techniques [15]. The interference is known to the trans-  Time-domain causality is considered in transmitter wave-
mitter since it can be derived from the transmit waveforms, the  form design for wideband communication systems such
multipath channels, and the information bits. Given the trans- as TR systems. The interference between information
mitted symbols, the causal part of ISI can be compensated symbols is pre-canceled sequentially according to the
in advance in designing the waveform of the current symbol.  order they are transmitted. An essential observation is that
Such a design is analogous to the transmitter-based interference only the causal part of interference can be pre-canceled
pre-subtraction [16]D[20] in the nonlinear precoding literature.  while the anti-causal part of interference cannot be com-
A substantial distinction for time-domain waveform design is  pensated and needs to be suppressed by the waveform
that only the causal part of interference can be pre-canceled design based on the channel information.
while the anti-causal part of interference cannot be compen- For the multi-user scenario, the interference (both ISl
sated and needs to be suppressed by the waveform design based and IUl) is categorized into causal interference and anti-
on the channel information. Note that throughout this paper, causal interference. Similarly, the multi-user waveform
the term Ointerference suppressionO refers to linear waveform design pre-cancels the causal interference and suppresses
design as in [8], and the term Qinterference pre-cancellationO the anti-causal interference.
corresponds to non-linear waveform design similar to the Two iterative algorithms are proposed to tackle the
Tomlinson-Harashima Precoding (THP) [21], [22]. For MIMO non-convex multi-user waveform design problem. One
systems, the causality restriction is in spatial domain, where the approach is based on the alternating optimization and
interference between antenna is canceled sequentially with a the other is a gradient method. Both iterative algorithms
predetermined order. In this paper, the causality is considered are guaranteed to converge and shown to have superior
in time domain, where the interference between information performance over other conventional designs.
symbols is tackled sequentially according to the order they areThe rest of the paper is organized as follows. In Section Il, the
transmitted. Note that in uplink scenarios, noncausal interfexsystem model of the TR communication system is introduced in
ence may also be estimated and compensated at the recaietail. The waveform design with interference pre-cancellation
since tentative decisions of detected symbols can be utilizedfdo the single-user scenario is described in Section I, and the
cancel the interference in the received signals [23]. multi-user scenario is further depicted in Section IV, where the

In this work, we propose a waveform design with intertwo iterative algorithms are proposed. In Section V, simulation
ference pre-cancellation for wideband communication systemesults are shown to demonstrate the performance. Finally, we
such as TR systems. The single-user scenario permits a closirdw the conclusion in Section VI.
form solution of the proposed waveform design. It is shown
that the resulting design cancels the causal ISI and suppresses 1. SYSTEM MODEL

the anti-causal ISI. For the multi-user scenario, similarly the . ) ) )
interference (both ISI and IUl) is categorized into causal A multi-user downlink TR system consists of a base-station

interference and anti-causal interference. The interferen@d K users. The multipath channel between the base-station
compensation blter design can be easily determined once @ thek-th user is denoted bl a column vector oL ele-
multi-user waveform design is settled. Since the resulting mulfl€Nts whereL is the maximum channel length among e
user waveform design is non-convex, we propose two iteratigannels. Lesc denote an information symbol angl be the
algorithms to suboptimally tackle the optimization problemt.ransm't waveform for usek, which can be a basic TR wave-
One approach is based on the alternating optimization a§m or a more advanced waveform [8]. The lengtigiefs also
the other is a gradient method [24]. We show that both itek- AS shown in Figure 1, the received signal at userk is
ative algorithms are guaranteed to converge to local optinflYen by
solutions. Numerical simulation is conducted to validate the K
convergence behavior (_)f the proposed iterative algorithms and yk =Hk  gjsj +ng, (1)
demonstrate the superior performance of the proposed wave- j=1
form design.

A key distinction of this paper from previous work [8] is thatwhereHy is the Toeplitz matrix of siz¢2L 1) L with the
the proposed waveform designs pre-cancels causal interferelcs column beingl{[ 01 (L 1 1T, andny denotes the additive
and suppresses anti-causal interference, while the wavefommite Gaussian noise (AWGN).
design in [8] suppresses both causal and anti-causal interfertserk estimates the symbesk by scaling the samplg[L]
ence. The proposed algorithms not only can be applied by ax, which corresponds to the gain control at the receiver.
traditional time-reversal systems, where the receiver deteblste that (1) represents the received signal when symbols
the transmitted information by a single tap, but can be eas#ye transmitted further apart, i.e., with a symbol rate being at
extended to other systems where the receivers can deal witbst ¥L times sampling rate /ITs. When the symbol rate
multi-tap detection. For example, the multiple taps can be cois-1/(DTs) where D denotes the rate back-off factor [7] and
bined into one tap using technigques such as maximum-rafio< L, the received waveforms of different symbols overlap
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The resulting minimum MSE in the TR system is givenby The operation in (10) can be considered as pass-
L ing the symbols s[+] through a feedback blteb?F =
< Lol py (b g) 01 15, h{ ,ig..., hi gl where 01
MSE>Y =1 h(, hh™ + I h,. (7) denotes a 1 Lp zero vector. The resulting MSE is then
1=1 max given by

Lp 1
MSEM =jonl' g 1P, +  |ah['gl?Py + [af?Py,
=1

Note that the phase af can be chosen arbitrarily without
altering the MSE. Therefore, we choose a real-valagH as

in (5). From the derivation above, we can obtain the closed-
form solution to the waveform design without interference (1)

pre-cancellation given the channel matrix and the Signal POWRhere Py, the average power Of[o], usua”y requires more
to noise power ratio. power thanPs since additional power is needed for the sec-

The computational complexity of inverting the matrix in (6ond term in (10) even though the causal interference part
depends on the decimation factor WhenD = 1, the matrix |2—LE i1|0h|Hg|2 can be completely compensated. Thus,
can be shown to be Toeplitz. Inverting a Toeplitz matrix cafhe penebt of performing interference pre-cancellation can
be accomplished i (L?) using TrenchOs algorithm [27]. Fol,e impaired by the performance degradation caused by the
generalD, the mat_rix is Beriodic _Toeplitz, whose inversion ca qditional power. Especially when the noise power is more
be solved by LevinsonOs algorithm [28]Q(LD). Another gominant than the interference power, the interference pre-
algorithm for generalD is to recursively appl;L/ the matrix cancellation cannot provide much performance improvement
inversion lemma and solve the inversion®{L* ). DePne and much of the transmit power would be wasted in performing

m 1 the interference pre-cancellation.
R, = hh! + Pn I _ 8) The problem of the increase of the transmit power can
max be resolved by applying the Tomlinson-Harashima Precoding
(THP) [21], [22], which is to incorporate a moduld-compo-
Applying the matrix inversion lemma, we have nent after the interference pre-cancellation at the transmitter,
1 and a moduloA component before the symbol estimation at the
le = hmhm +Rm 1 receiver. This technique is able to address the additional trans-
1 mit power problem in (10) because the mod#mperation at
= le 1 1+ hm le 1hm le 1hmhr|;|1 le C) the transmitter folds the signal constellation into%, %), and
thus the average power is limited within the range regardless of
OLthe interference power. The resulting block diagram is depicted
in Figure 2(a). The modula@\ operation, denoted as mgg), is
to subtract element-wise the nearest integral multiplé 6bm

1=1

Given lel and hy,, equation (9) can be compute
in O(L?). By sequentially calculatingR,,! for m=

1,2,...,2Lp 1using (9), the matrix inversioR,, ;can e input such that each element of the output is ig[ 5),
be obtained ir0(L? % ). i.e., for an input,

Therefore, LevinsonOs algorithm can be applied wihés v 1
small, and the recursive matrix inversion algorithm can be used moda(v) =v A A + 5 (12)

when D is large. Consequently, the computational complex-
ity of the matrix inversion in (6) isO(min(L2D, L2 § )) where + is the Roor operator, which returns the highest inte-
= 0O(L?%Y). ger that is lower or equal to the input value. Note that for
complex value, the modulé-operator applies to both the real
and the imaginary parts independently. With different constel-
B. Interference Pre-Cancellation lation size of the symbol modulation (e.g., QPSK, 16-QAM,

In TR systems, a user estimates the intended symbol by fie64-QAM), the parameteA can be chosen accordingly to
sample of the central peak of the receive signal. TherefofBINiMize the modulo loss which will be explained in detail in
the ISI can be identibed as two parts: the causal ISI and tRgction Ill-D.
anti-causal ISI. Due to the overlapping of the received sig-
nals of consecutive symbols, one symbol can have inBuenceto\wayeform Design With Interference Pre-Cancellation
the previous transmitted symbols and also to theure trans- _ _ _ _
mitted symbols. To compensate for the interference caused byl '® moduloA componentimposes nonlinearity to the design
the previous symbols, the current symbol can be subtracted®jyne feedback Pltes. The nonlinear part can be moved to the
the interference before convolving with the transmit waveforr@Utermost of the system design such that the converted system
Let v[k] denote the input to the transmit wavefografter the N Figure 2(b) is equivalent to the original system in Figure 2(a),

interference compensation, that is [29]D[31], wherea anda denote integral multiples oA such
that the outputs of the modulo components are within the proper
Lo 1 range. We can focus on minimizing the MSE of the linear part

VKl =slkl (hflg) 1 ek 1. (10) of the system, ie., MSE = E[ & u 2], where the super-
=1 script IM denotes interference pre-cancellationdenotes the
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Examining the difference between (6) and (16), we can see
that g’ takes into account only the anti-causal ISI, which
comprises the 1st to thE.p 1)-th rows of the decimated
channel matrix. The causal IS, i.e., thelL p + 1) -th to the
(2Lp  1)-throws, are not considered#M since they can be

(@) Block diagram of waveform design with interference pre- compensated by the feedback PkefThe difference between
cancellation for a single-user TR system. . .
the resulting MMSEs in (7) and (17) also demonstrates such
an effect.

The design of the optimal parameters can be summarized as
follows. First, the receiver gaim'™ is determined by (15). Then
the waveformg' is designed to suppress the anti-causal inter-
ference using (16) given'™. Finally, the coefbcients of the
feedback plteb for interference pre-cancellation is obtained by
[14] giveng™ anda'™. Note that the calculation is performed
Fig. 2. Block diagrams of waveform design with interference pre-cancellatié the transmitter and at the decoding process the receiver needs

(b) Equivalent block diagram of (a).

for a single-user TR system. to compute the parameteM based on
symbol after addin@ to the original inpus, andis the sym- M (hEDglM)
bol before adding for the estimated symbah The MSE is R , (18)
i = Ihf'gM|2+ Py/Py
given by =11
MSEM (g,b,q) = which is derived by minimizing (13). The knowledge of the
Lp 1 equivalent channel coefbcienlq*,'g'“", [, could be acquired
|o)? Ih{*gl?Py + oh{ g 1]°R, by channel estimation using a known training sequence. For
I=1 multi-user scenario, the equivalent channel estimation can be
2lp 1 similarly done by each user.
+ lahf'g  bI]*Py +|al*Py, (13)
I=Lp+1

D. Bit Error Rate Analysis

where Py |52 th?_Dan ralg.je Zpowgr of the. modulo. output. The The performance of the waveform design with interference
brsttermlal® = ~ |hy"g|Py, is the anti-causal interferencey, o _cancellation can be analyzed by considering several losses
caused by the symbols transmitted after the current symbol. mncorporating the THP, including power loss, modulo loss,
third term, P % |ahf'g  b[I]|?Py, is the causal inter- ang shaping loss [32], [33]. The power loss is due to the fact
ference caused by the symbols transmitted before the currgilt the modulo output still requires higher powRy than the
symbol. Our goal of the waveform design with interference Pr@ymbol powerPs. Since the modulo operation changes the
cancellation is to jointly determine the paramethrg anda  constellation to be repeated over the whole space and such
such that the MSE is minimized. It is clear that the optiti{] 5 change shrinks the decision region of those symbols at the
should be chosen such that boundary of the constellation, when those boundary symbols
ah,"'g, l=Lp+1,...,2Lp 1, are transmitted, the received symbols may b_e misinterpreted
. (14) as wrong symbols and modulo loss occurs. Finally, the shap-
0, otherwise ing loss happens when the distribution of the transmit signal
Substituting (14) into (13) and settin@®, = 1 for normaliza- Pecomes non-Gaussian since information-theoretically the opti-

tion, we can solve the problem of MSE minimization subjedb@l input distribution is Gaussian while the modulo operation

to a transmit power constraint by a similar analysis as in tigeenerally produces a uniform distributed signal. The output of
derivation for (5). The optimak andg are given by the modulo operation is passed though the transmit waveform,

which considerably randomizes the distribution and tends to

bll] =

Lp 1 2 give rise to a Gaussian-like distribution based on the obser-

aM = Pmalxh'['D h|h|H +_ Ny h ,, (15) vation in our numerical simulations. Hence, in the following
=1 max analysis, we neglect the shaping loss and focus on the power

1 loss and modulo loss.

M1 2t Ry The output of the modulo operation is uniformly distributed

g =a hihy™ + I hiy,  (16) when the interference to be compensated is large enough.
I=1 e Considering both in-phase and quadrature componenig]of
The resulting minimum MSE is given by we can havePy = %2, whereA is the modulo operation size.

1 The optimal choice ofA depends on the constellation size

o Lot Py [34]. For example A =2 2 for QPSK and the power loss is
MSE™ =1 hg, by + PmaxI hi,. (17) 473 1.25dB. As discussed above, the modulo loss occurs

1=1 when the boundary symbols are transmitted, and thus depends
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n; a,
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(a) Block diagram of waveform design with interference pre- 4r st sfd s3] s[4 s[5 sf6 s[7 sf8 s[9
cancellation for a multi-user TR system. |
. , 3 1
a L a q 3 s sf2 s3] sfdl |s48| s8] 7 sf8] sy
J e ir . 3 |
s =0 i ® D> —»HD—> 5 = e
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\
(b) Equivalent block diagram of (a). 1+ s s2 sf3 s 51[51 sf6l s[7 s8 s[9
Fig. 3. Block diagrams of waveform design with interference pre-cancellaton |
for a multi-user TR system. o L \ \ \ \ ! ! ! !
o 1 2 3 4 5 8 7 8 9
) ) ] Symbal index
on the constellation size. The bit error rate for QPSK can be
approximated by [35] Fig. 4. lllustration of the causality of interference caused by symbols of users.
1 1 . .
pQPSK 20 5Ps 3 5Ps to the overall interference. In the following, we denote the
b P + 02 Pig| + 02 index of a user as its ordering. For udedsl p-th symbol,
sk[Lp], the causal interference is caused by the symbols includ-
%ps ing {sj[l],I <Lp, j} and{sj[Lp],j <Kk}; the anti-causal
QS Pisi +02 T (19) interference is caused by the symb@g[l],| > Lp, j}and

{sj[Lpl. j = k}. Figure 4 illustrates the causality of interfer-
ence for a multi-user system witK =5 andLp =5, and

— Lp 1pH, 2 ; . .. .
where Pis; = Py |2 “[hj"g|". For higher order constella- jfferent causalities are separated by dash lines. When the cur-
tion such as 16-QAM or 64-QAM, the analysis can be derivggd symbol isss[5], the symbols in the bottom left part of

similarly. Figure 4 serve as the causal interference to be compensated
by the feedback Pblter, and the symbols in the top right part of
IV. MULTI-USERWAVEFORM DESIGN WITH Figure 4 are the anti-causal interference to be suppressed by the
INTERFERENCEPRE-CANCELLATION waveform design.

Similar to the single-user case, we consider the linear part of

Inthe waveform design with interference pre-cancellation fghe equivalent system in Figure 3(b). The MSE of us&r can
the single-user TR system, the causal ISl is compensated by fa€sxpressed as

feedback blter and anti-causal ISI is suppressed by the wave-

form design. In the multi-user downlink TR system, we can Kitod L
leverage a similar idea of compensating both the causal ISI antfiSE« = |owhy gj|“Pv + _ |owhy) gj1“Pv
the causal IUI by feedback blters, and suppressing both the anti- i=11=1 =k

gz:i}zﬂ ISI and the anti-causal IUl by the multi-user waveform + |Gkth|_ng 112y

Figure 3(a) depicts the block diagram of a multi-user TR + |Gkh||<—| gi  bg[Lp]|2Py
system with interference pre-cancellation. The wide arrows Lo®l )

k
denote the Row of a vector of data streams as the extension :
of Figure 2. The feedback plter takes a vectored input and turns Kilp 1

i + hilg;  b[l]I?Pyv + |ak|?Pn, (20
out a vectored output. In the waveform part, each data stream is lakhggj b [1]1°Pv + |ak|“Pn, (20)
convolved with its waveforngy and the outputs are additively j=11=1

aggregated together to be the transmit signal, O\fvherebkj [] denotes the feedback blter of ugdor compensat-

To determine the causality of IUI and ISI, the ordering ! g )
. . ing for the interference of usgOs data stream. In the following,
users for interference pre-cancellation has to be settled. Noticé _. - :
aim to jointly design the waveformgy}, the feedback

that al! usersO sgnals are 'Fransmltted smultgneously and‘g grs{bk}, and the gaingai} such that the total MSE is min-
causality of users is determined by the ordering of 1Ul com- . . . :

: o . ) . mized. It is clear that the optimal coefbcients of the feedback
pensation. Finding the optimal ordering requires exhaustqﬁ(? ;

. . . . ter are given by
search over all possible permutations and is computationally
prohibitive. Moreover, as will be shown in Section V, the ohllgj, 1=Lp+1,...,2Lp 1, j,
overhead of searching may not be worthy since the amoun W[l = orl = Lp,j <k 1)
of interference with different orderings differs only in the ) _D’ '
0, otherwise

current symbols, which contribute a relatively small portion
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Substituting [21] into (20), we have TABLE |
ALTERNATING OPTIMIZATION ALGORITHM FOR MULTI-USERDOWNLINK

Kilp 1l WAVEFORM DESIGN
MSE, = lowhiigj Py +  |akhig gjl*Py
j=1 1=1 i>k (i) Initialize oy = 1,Vk.
H 2 2 (ii) Loop :

*lodyd g TPV ol P (22) 1. Calculate waveforms: {gy} and v by (25) and
It can be seen that usk®s optimal waveforgy relies on other (26).
usersO optimal waveforms. Therefore, unlike the single-us 2. Calculate gains: {ay} by (23).
case, the closed form global optimal solution of the multi-use ~ Until «, {gx} and v converge or the max. number
problem is difpcult to Pnd. Hence, we propose two iterg of iterations is reached.

tive algorithms to search for locally optimal solutions. One
approach is an alternating optimization method and the other

is a gradient method. The convergence of both iterative algo-Taking the Prst order derivative df with respect tog,,
rithms can be guaranteed by showing the monotonicity of th¢ have

objective functions during the iterations.

K Lp 1
&=y '@ |@*hj bl + LARIH
A. Alternating Optimization Algorithm j k j=1 1=1
The alternating optimization algorithm is to iteratively opti- N A I 1h 25
mize over a restricted subset of all variables [24]. In this Py klp- (25)

proposed algorithm, we iteratively update the wavefofgm$

and the gaingay} to optimize the total MSE subject to a power Taking the Prst order derivative df with respect toy,
constraint. It will be shown that bxing one set of variables, optive have

mization over the other set of variables is a convex problem and

the closed-form solution can be derived. The total MSE in each K H K H 2
iteration is non-increasing and thus the alternating optimization Y = @ gy hkip |aihji gk
algorithm is guaranteed to converge. k=1 k=t j k
It is easy to optimize the gainf} given a set of bxed K Lp 1 1
waveforms{gk} since the total MSE fle MSE is a quadratic + | hHng|2 + ﬂ|m<|2 ) (26)
function of{ax}. We can consider the prst order condition, i.e., =1 1=1 . Pv
the brst order derivative of the total MSE with respectito
equals zero. We can have From (25), (26), and the power constraint gt gk = Pmax
K Lp 1 5 1 we can have\ = Py. By substitutingy an_d)\ = Py into (25),
oy = |h|TLng |2 " IhHgJ |2 + N the closed form solution (gk can be _obtz_ilned. _
ik =1 1=1 Pv _ Thg proposed_ alternating opt|m|zat!on algonthm,.sgmma-
u rized in Table I, is to Px one set of variables and optimize the
‘g b,k (23)  other set of variables to decrease the total MSE until conver-

gence or the maximum number of iterations is reached. When
the waveformqgg} are bxed, updating the gaifm} can only

taking the derivative of the Lagrangian with respect{s} reduce the total MSE or keep it unchanged. Similarly, when the

leads to an expression in terms of the Lagrange multipligf)rmal'Zed gaindai} are Dxed,.updaur}g the wavgforr{g(}

A associated with the power constraint. Solvinghowever, also makes the total MSE hon-increasing. .Th.US,.I'[ can be_ cas-
is quite difbcult and arouses the need for numerical sear&lﬁ.seen that the prpposed alternatlng. optimization glgorlthm

Motivated by the technique in solving (6) where the L::lgran%\"’_ayS converges since the total MSE is "?"Ways non-increasing
multiplier can be explicitly obtained, we propose to keep th uring the iterations and the total MSE is lower bounded by

ratio betweer{aw} Pxed and optimize the correspondifig} zero. Note that the converged solution may not be a globally

so that the Lagrange multiplier can be solved explicitly. Th%)tpt'matl. S(.)Mt'.on bft Itis afloctﬁl optimum \f[vhhere rf1one of the
is, instead of bxindow}, we bxog =y lay, for all k, where Wo optimization steps can further improve the performance.

Next, we consider the optimization of the waveforfgg} sub-
jectto a power constraint, with a set of bxed gdmg. Directly

y = « [0k|2/ Pmax, which means | |@|? = Pmax, andy
is considered as a variable in the optimization problem. T Gradient Algorithm
Lagrangian of minimizing the total MSE subject to the power

constraint, with variableg andgg, k, is given by The gradient method, by iteratively updating the variables to

the steepest direction that decreases the objective function, is
able to locate the global minimum for convex functions, but
L (g1, -.- N = MSE+A H Pmax - i i ] i
g1, - 8K, Y 8k 8k max only a local optimum for a wide class of non-convex functions
k=1 k=1 [24]. We propose to remove the dependencog} by substi-
24 tute (23) into the MSE in (22) so that the gradient method can

K K















