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Abstract In this paper, we investigate the multiple-input multiple-output (MIMO) transceiver design under
an interesting power model named mixed power constraints. In the considered power model, several antenna
subsets are constrained by sum power constraints while the other antennas are subject to per-antenna power
constraints. This kind of transceiver designs includes both the transceiver designs under sum power constraint
and per-antenna power constraint as its special cases. This kind of designs is of critical importance for distributed
antenna systems (DASs) with heterogeneous remote radio heads (RRHs) such as cloud radio access networks
(C-RANSs). In our work, we try to solve the optimization problem in an analytical way instead of using some
famous software packages e.g., CVX or SeDuMi. In our work, to strike tradeoffs between performance and
complexity, both iterative and non-iterative solutions are proposed. Interestingly the non-iterative solution can
be interpreted as a matrix-version water-filling solution extended from the well-known and extensively studied

vector version. Finally, simulation results demonstrate the accuracy of our theoretical results.
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1 Introduction

With channel state information (CSI), multiple-input multiple-output (MIMO) transceiver designs can
significantly improve the performance of the considered communication systems [1-5]. For transceiver
designs, power constraints are the most natural and fundamental constraints that should be carefully
addressed. With an antenna array deployed at transmitter, the most widely used power constraint is sum
power constraint, i.e., the sum of transmit powers at different antennas is smaller than a threshold [1,2,4].
Later individual power constraint or per-antenna power constraint has been recognized as a more practical
one than sum power constraint. The reason is that in practice each antenna has its own amplifier and is
limited individually by its own amplifier’s maximum power threshold [6-8].
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An interesting question is whether the sum power constraint is impractical and meaningless. The
answer is definitely no. Although different antennas have their own individual amplifiers, it has been
shown in [9] that when each amplifier has the same power constraint, the gap between the designs with
individual power constraint and sum power constraint is very small and almost negligible. Importantly,
the design under sum power constraint is much easier than its counterpart under individual power con-
straint [7,10,11]. It can be concluded that if the wireless terminal is equipped with the same style
antennas sum power constraint is a reasonable assumption in the sense of engineering designs and this
may be the reason why sum power constraints are always chosen for transceiver designs [1,2,4].

On the other hand, we cannot say individual power constraints are less important. For some special
network architectures, e.g., distributed antenna systems (DASs) [11], the largely separated distributed
antennas can have different sizes and then to avoid a drastic performance degradation, individual power
constraints cannot be replaced by a simple sum power constraint [8,12,13]. Regarding this fact, indi-
vidual power constraints (per-antenna power constraints) have attracted a lot of attention from wireless
researchers in various areas [12,14-16]. However, the transceiver designs under individual power con-
straints are more challenging than their counterparts under sum power constraint. In most cases the
design problems can still be cast into standard convex optimization problems such as semi-definite pro-
gramming (SDP) and second order cone programming (SOCP). Then they can be efficiently solved by
using some well-known software toolboxes [12]. In some special cases, relying on Lagrange dual functions,
the considered optimization problems can be efficiently solved by sub-gradient methods [14].

Both sum power constraint and individual power constraint are important for wireless designs. The
design with sum power constraint is much simpler as it has less constraints and then less Lagrange
multipliers to compute. On the other hand, the design with individual power constraint is more realistic
and usually has better performance for DASs especially when antennas are powered by amplifiers with
different specifications. It should be highlighted that sum power constraint cannot be considered as a
special case of individual power constraint although individual power constraint is much stricter. In
this paper, we take a further step to investigate a more general case named mixed power constraint.
Under mixed power constraint, for a given set of antennas, several subsets of the antennas are subject to
sum power constraints and the other antennas have their own individual power constraints. This design
can realize a tradeoff between sum power constraint and individual power constraint/per-antenna power
constraint. In our design, the antennas of the same size at a certain wireless terminal can be taken as a
cluster under a sum power constraint at the expense of a slight performance loss. Then the corresponding
computation procedure is significantly simplified.

Actually, this kind of power constraint can be applied to several practical scenarios. For example,
in a cloud radio access network (C-RAN), radio units are separated from baseband units (BBUs) and
installed distributively. To realize a dense and seamless coverage, the remote radio heads (RRHs) may
have different settings, e.g., different sizes and different antenna elements [17]. For each RRH, more than
one antenna can be installed and these antennas have the same specifications. Therefore at each RRH
the power constraint can be modeled as sum power constraint with slight or even negligible performance
loss, while among different RRHs it is natural to choose individual power constraints to avoid significant
performance losses.

A natural question is how to design the transceivers under mixed power constraints, numerically or ana-
lytically. Recently, an interesting and excellent work shows that even under individual power constraints,
an analytical iterative method can be used to give satisfactory solutions [9]. This work motivates the au-
thors to think whether this logic can be extended to the transceiver design with mixed power constraints
and the final solutions can be derived in much simpler closed forms without too many mathematical
symbols. Complicated mathematics can reveal some important performance bounds, however too many
mathematical symbols and substitutions in the formulation will bury its physical meanings and prohibit
the practical implementations. For engineers, the solutions should be as simple as possible. Motivated by
these facts, we try to solve the optimization problem in a much simpler manner. The main contributions
of this work are listed as follows.

e Firstly, in our work we investigate the transceiver design under mixed power constraint, which can
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realize any tradeoff between sum power constraint and per-antenna power constraint. From the theoretical
viewpoint, mixed power constraint includes both sum power constraint and per-antenna power constraint
as its special cases. To the best of our knowledge, it is the first time to investigate the transceiver designs
for MIMO systems under mixed power constraints.

e Secondly, the formula of the optimal solution of the transceiver design under mixed power constraint
has been derived. Here, we would like to highlight that the derivation logic of our work is significantly
different from that in [4,9]. In the special case with only per-antenna power constraints, compared to [9],
our derivation procedure does not need case-by-case discussions, i.e., classifying channel matrices into
tall matrices or fat matrices.

e Thirdly, in our work, except an iterative solution, a non-iterative solution is proposed as well, which
does not need iterations and can be interpreted as a matrix-version water-filling solution. It is shown by
simulation results that the non-iterative solution has a satisfying performance.

e Finally, for our work, there is no constraint on the rank of channel matrix, however, in the existing
work [9] the channel matrix should be column full rank or row full rank.

Notation. Throughout this paper, the following notations are used. First, boldface lowercase letters
denote vectors and boldface uppercase letters denote matrices, respectively. Transpose and Hermitian
transpose of a matrix are denoted by (-)T and (-)!. Tr{-} and rank(-) are used to represent the trace
and the rank of a matrix, respectively. The symbol E{-} represents the expectation operation. Ips
denotes the M x M identity matrix. In addition, Tr(Z) is the trace of the matrix Z. The notation Z'/2
is the Hermitian square root of the positive semidefinite matrix Z. The symbol [Z]; ; represents the
{4, j}th element of the matrix Z. For two Hermitian matrices, C' = D means that C — D is a positive
semi-definite matrix.

2 System model and problem formulation

In this work, we consider a simple point-to-point MIMO system. The received signal equals y = Hx +n,
where x is the transmitted signal from the source with covariance matrix @ and H is the MIMO channel
matrix. In addition, n denotes additive Gaussian noise and the noise covariance matrix is R,,. For MIMO
systems, transmitter at source node can be understood as a spatial filter and optimizing transmitter is
equivalent to optimizing Q. For the system model y = Hx + n with Gaussian distributed noises, the
optimal receiver is G = QHY(HQH" + R,,)~! [2], which is also a function of Q. Therefore, the
considered transceiver optimization problem becomes how to optimize Q.

Based on the discussions above, the capacity maximization problem for a point-to-point MIMO system
under mixed power constraint is formulated as

max log|lI + HQH"R,,"|
H
s.t. Zjewk{ej Qe;} < pr, (1)
Q =0,

where @ denotes the covariance matrix of the transmitted signal and H is the MIMO channel matrix. In
addition, the noise covariance matrix is R,,. The symbol e; denotes the vector with the jth element being
1 and the other elements being zeros. Furthermore, 1)) is a subset of the antenna index set {1,2,..., N},
and notice that for k1 # ke, g, N g, = 0 and U, = {1,2,..., N}. The antennas in the same v, are
subject to a certain sum power constraint.

Due to various antenna settings, i.e., the number of transmit antennas is larger or smaller than that of
receiver antennas, the channel matrix H may be a tall or fat matrix. To avoid case-by-case discussions,
the fact that the considered objective function is continuously an auxiliary variable « is introduced first
and then the following optimization problem will have the same optimal solution as that of the original
optimization problem (1):

max lim log|/I + (HYR,,'H + oI)Q)|
Qr a—0
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H
s.t. Zjewk {e; Qe;} < pr, (2)
Q= 0.
Inspired by this fact, in the next section we will concentrate our attention on the following optimization

problem whose optimal solution is in nature a function of o and then we should take the limit &« — 0 on
the derived optimal solution in order to achieve the exact optimal solution:

max log|I + (HR,,;'H + oI)Q)|

0¥, (e < g
Q=o0.

3 Matrix-version water-filling solution

Introducing the auxiliary variables dj’s as the corresponding Lagrange multipliers to the k power con-
straints, the Lagrange function of the optimization problem (3) is given as

L(Q.{dx},®) =log|I + (H"R,'H + al)Q| + > {drlpx — > _ {e}'Qe;}]} + Tr(¥Q)
k

JE€EYK
=log|T + (H"R,'H + oI)Q| + > {dxpi} — Y _{Tre(DQ)} + Tr(PQ), (4)
k k

where D is a diagonal matrix defined as

[D]j;j =dk, J € Vx. (5)

Notice that the diagonal elements of D, d’s, must be positive. Additionally, the Hermitian matrix
¥ is the corresponding Lagrange multiplier of the constraint @ > 0. Based on convex optimization
theory, if dy = 0, it means that its corresponding power constraint is inactive and in other words this
constraint can be simply removed from the considered optimization problem. For a practical wireless
system, with proper interference mitigation, increasing transmit power seems always beneficial to the
whole performance (at least not harmful). In this paper, we only consider active power constraints.

For the simplicity of exposition, defining a new matrix given as H 2 (HYR;;' H+aI)'/? and H = H"
and substituting H into (4), the Karush-Kuhn-Tucker (KKT) conditions of (3) can be derived to be

HY T +HQHY) 'H =D - w,
dp, [pk - Tr<Z{eje?}Q>} =0,
J
dp >0, Tr(Q¥W) =0, ¥ >0,
> {ef'Qe;} <pr, Q=0 (6)

JEYK

where the first KKT condition comes from 0L(Q, {dx},¥)/0Q = 0. As the optimization problem (1) is
convex, the KKT conditions are the necessary and sufficient conditions for optimal solutions [18]. Based
on the first KKT condition in (6), the covariance matrix @ can be solved:

Q=(D-2)"' — (H'H)™
— [D:(I-D :®wD 3)D:|~" — (H)~!

1

=D (I -D :¥D ) D % — (HH) L, (7)
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Note that as the term (I —D~/2® D~1/2)~1 has a complicated mathematical formula for further analysis
and derivation, introducing an auxiliary matrix IT we will use a new formulation of (I—D~1/2@ D~1/2)~1
for further analysis, i.e.,

(I - D~ '/*@D~'/?)"' £ 1+ D'*1ID"?, (8)

where IT is a positive semi-definite matrix that replaces the role of ¥. Substituting (8) into (7), we
directly have

Q=D"'"—H"H) ' +1I, (9)

based on which it can be seen that the term IT guarantees that @ is positive semi-definite. Then the
problem we are faced with is what characteristics IT owns can guarantee a suitable ¥ can be computed.
Conclusion 1. In order to find a suitable ¥, IT must satisfy

Tr[(I — DY?(H"H)"DY? + DY211DY?) DY 11 DY?) = 0. (10)

Proof.  See Appendix A.
Based on the following eigenvalue decomposition (EVD) with eigenvalues in decreasing order,

I - DY2(H"H)'DY? = Up Ap UL, (11)
Conclusion 1 will be satisfied if the following equality holds:
D'?[ID'Y? = Up Ay, UL, (12)

where the symbol ~ is defined as a diagonal matrix Z with X = [Z]~ if [Z];; > 0, [X];; = 0 and
otherwise [X];; = —[Z];;. It is obvious that the term IT in (9) guarantees D~! — (H"H,) ™" is a
positive semi-definite matrix. Based on (12) and the following EVD with eigenvalues in decreasing order:

D '2(HIH)D 2 = Uy Ay UL, (13)

the optimal solution of Qy, in (9) is further rewritten as
-1\t rm 1/2
Q=D Uy (I - AJ—W) UlL,D/?, (14)

where the symbol [Z]T denotes that for the Hermitian matrix Z if the ith largest eigenvalue is negative,
and if \;(Z) < 0, the operation * will set \;(Z) = 0. It is worth noting that the formulation (14) is not
exactly the optimal solution for the original optimization problem (1) as it is still a function . Only if
a — 0, Eq. (14) will become the optimal solution of the original optimization problem (1).

Without loss of generality, assuming the number of nonzero singular values of H is K, the following
singular value decomposition is first defined as

Ag O

HY"R,'H = Uy UL, (15)

where the diagonal elements of the K x K diagonal matrix Agy are positive real values in decreasing
order. Together with the relation lima_,o HIH = HYR 'H = [UH];J;KAH[UH]EILK. When a — 0,
for the diagonal matrix Ay in (14), only the first K diagonal elements are nonzero and the remaining
diagonal elements tend to be zero. Therefore, we will have the following equation:

~ +
lim Q = D~2Un (I - A3}) URyD /2

a—0

~ +
= D" [Unml1ix (I - [AM];}(,I:K) Ui D72, (16)
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In addition, when o — 0 based on the EVD in (13) the following equality holds:
O%LH%)[UM]UI:K[AM]LK,LK[UM]:I:II:K = D_l/Q[UH]:,l:KAH[UH]:I:ILKD_I/2. (17)

In other words, when a — 0, the eigenvalue decomposition (EVD) of D~/2[Ug] LKAH[UH]:}’ILKD_I/2

can be denoted as [UM]:J:K[AM]LK,LK[UM]:}’ILK. In summary, we have the following result.
Conclusion 2. The optimal @ of (1) has the following formulation:

Q=D "?Unm]1x(I - [Amlig i) [Unm) D7V2, (18)

where the diagonal matrix [AM]L x,1:x and the first K columns of a unitary matrix [Upg]. 1.x are
computed based on the following EVD:

D_l/Q[UH]:,lzKAH[UH];I:ILKD_lm = [UM]:,l:K[AM]l:K,lzK[UM];I:ILK- (19)

However, the previous equation (18) gives the exact formula of the optimal solution. Unfortunately,
it is too complicated and the variables are coupled with each other. In the following, we will proceed to
simplify it. We begin with discussing a special case of H'R,;* H as full rank, which is much easier.

The special case of H'R, ' H is full rank. Based on (19), if HYR,;' H is full rank, the second
term in (18) satisfys the following relation directly:

D71/2[UM]2,12K[AM];}(,I:K[UM]:},II:KDil/2
— D—1/2D1/2[UH]:,LKAI—_II[UH]:I:II:KD1/2D—1/2
= [Unl.1x Ay [Unlihx
= (H"R,'H)™", (20)

based on which and together with the fact that in this case [UM];,LK[UM]:I?LK = UMUJICI/I = I, in high
SNR region the symbol T can be removed and the optimal solution of @ becomes

Q=D"'-(H"R,'H)". (21)

Considering D is diagonal and together with the power constraints, the diagonal elements of D can be
easily solved:

1
= ort Zjewk (HHRT—llH)fp

[D];, J € Vg (22)

In the general case with H™ R, H being ill rank, the derivation of the optimal solutions becomes more
challenging and this is the focus of the following section.

4 The proposed solutions for the case of Ill-rank H HR;1H

In this section, we are concerned with the problem how to compute the optimal solution for the general
case. This problem will be solved following two different logics. The first one is an iterative solution
and the second one is non-iterative solution. Specifically, iterative solutions rely on iterative computation
procedure to soften the difficulty. Generally, iterative solution has a performance advantage at the expense
of computational complexity. On the other hand, a non-iterative solution is given as well, which has a
much clearer physical meaning. Moreover, it does not need any iterations and then has an advantage in
terms of computational complexity.

For the first term on the righthand side of (18), based on (19) [Ups].1.x is a function of D. It is
very challenging to formulate an explicit function of D to represent [Uns]. 1.x. We can only argue that
[Un].1:x and D are coupled with each other. To circumvent this difficulty, iterative algorithms are
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natural choices. In the general case, in Appendix B it is proved that the second term on the righthand
side of (18) has the following property:

[Un] D2 UmM): 1.k (A1 g1 UM D72 UH] 1k = AR (23)

This statement reveals a fact that no matter how transmit power varies, the term given by (23) is constant.
Based on this fact, in the following an iterative solution is first proposed.

Iterative solution. From low to moderate SNRs, for a general diagonal matrix D the operation of
T in (18) prohibits us from precisely analyzing the optimal solutions. Therefore, an auxiliary variable T
is introduced, which denotes the number of diagonal elements of [[X M]1:k,1:x larger than one, and then
Eq. (18) becomes

Q= D_l/Q[UM]:,1:T[UM]:},I1:TD_1/2 - D_1/2[UM]:,1:T[AM]ilT,LT[UM]},Il:TD_l/Q' (24)

Note that the introduction of T' successfully removes the complicated operation T. Based on the previous
discussions, when K = T the second term in (24) is constant for the optimal D. It is worth noting that
for iterative solution, the number 7" is unknown, and when 7" # K the second term in (24) cannot be
guaranteed to be constant, while inspired by (23) its value does not fluctuate dramatically. Therefore, in
the proposed iterative solution the second term in (24) will be simply fixed at each iteration and its value
is updated at the next iteration based on the value of D computed at the current iteration. At the nth
iteration, using the subscript n to denote the nth iteration, the signal covariance matrix Q,, is computed
based on the following equation:

Qn = D’;l/2[UMW,—l]Hl:T[UMn—l]:I:IIZTD’;l/Q
—1/2 e _ —1/2
- DU, JurlAm, ) U, ) D (25)

where [Ang, 1017 and [Ung, .17 are computed based on the following EVD:

D, PlUs) 1.k AulUnl™. kD2 = U, ok Ang, Jukx [Une, M (26)

In addition, based on the definition of D in (5) it can be concluded that for mixed power constraint, in
the same v the corresponding diagonal elements of D are the same. Together with the fact that D is a
diagonal matrix, D,, is updated based on the following equation:

D, = > jew UM, ]ia:r U, )i
nlyy — —1/2 ~ _ —1/2
Pt D icy, (D, U, JurAns, ) g [Un, ) D

) ] S 1/)19 . (27)

In summary, the proposed iterative solution is given by Algorithm 1.

Algorithm 1 The proposed iterative solution

Require: Do, e.g., Do = I;
Ensure: Q;
1: Using D, —1 computed in the preceding iteration, compute [Ung, ,]..1:x, [AMh;K,l;K and T based on (26);
2: while The increase of the capacity is larger than a threshold or the maximum iteration number is not achieved; do
3:  Compute the diagonal matrix D,, using (27) and substitute it into (25) to obtain Q,. Reset the negative eigenvalues
of the corresponding @, to be zeros. After that multiply the right-hand and left-hand sides of Q, with a diagonal
matrix Up, i.e., UpQnUp, to make sure that the power constraints are satisfied;
4: end while

The main difference between our iterative solution and the existing work [9] is that our solution still
works when the rank of channel matrix is strictly smaller than both column and row numbers. Regarding
the convergence property of the proposed iterative algorithm, in the special case of D o I, the convergence
can be proved easily [19], but for a general case with arbitrary diagonal matrix D it is very challenging.
In the simulation part, extensive numerical simulations are exploited to show the convergence behavior
of the proposed iterative solution. It is shown that the convergence property of the iterative solution is
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pretty good even for massive MIMO systems. Another problem is how to choose the initial values. In
order to overcome these disadvantages of the iterative solution, in the following a non-iterative solution
is proposed.

Non-iterative solution. From (23) it can be concluded that if the following equality holds:

D P UM 1k [Am) T 1.k UM D72 = [Unlic Ay [Unlt k. (28)

Eq. (23) can be achieved directly. It is worth noting that Eq. (28) is the generalized inversion of
HYR_'H [20]. We notice that in these two cases, i.e., HIR1H is full rank ([Ups].1.x = Ung) or D
proportional to identity matrix, [Uns]. 1.k in the first term in (18) can replaced with [Ug]. 1.x without
loss of optimality. Here, for non-iterative solution, this replacement is used for the general case. As
a result, the optimal @ of the optimization (1) can be simplified greatly into the following simple but
interesting formulation as it can be understood as a matrix-version water-filling solution:

+
Q= |D?[Un). .k Unlh.x D™V? = [Unlix Ay Uallhix| - (29)

It is obvious that the matrix version water-filling (29) includes (21) and traditional water-filling so-
lution [1,2] as its special cases. If D is proportional to an identity matrix, Eq. (29) will reduce to the
traditional water-filling solution and this case corresponds to the transceiver designs under sum power
constraint [1,2]. For the matrix version water-filling solution, D_1/2[UH];,LK[UIjr]:IjIl:KD_l/2 is the
matrix version water-filling level. The formulation of matrix version water-filling is just a weighted op-
eration for [Ug]. 1. K[UH]:},IL i In matrix field [21]. It is different from the classical water-filling solutions
which simply multiply [UH]:J:K[UH]:}’ILK with a scalar. Meanwhile, [UH];,l;KAﬁl[UH]:I?LK is the matrix
version water bottom.

The operation  is also extended from vector version to matrix version, which guarantees the positivity
of the whole matrix. In other words, the matrix solution must be positive semi-definite instead of a vector
with each element being nonnegative. At high SNR, the matrix water-filling level (the first term) will be
much larger than the second term and thus * can be simply removed, and then we have

Q == D_l/Q[UH]:,l:K[UH]:I_,Il:KD_l/2 - [UH]3713KAI_-1'1 [UH]I_,IlK (30)

The solution given by (30) is of great importance in high SNR region. In high SNR region, the computation
of the diagonal matrix D becomes much easier. Notice that D is diagonal and then based on its definition
in (5) the jth element of D with j € 1) equals

Yo Uk Unl ki :
[D]jJ = Pe+ Zjewk[[UH]!J!KAI_—II[UH]:I:ILK]J'J7 J € Y. (31)

However, high SNRs are usually desired for reliable communications [22-24], so we still want to make the
proposed solution applicable for any value of SNR.

Directly using (31) to compute D cannot guarantee the positivity of the eigenvalues of Q. Here a brute-
force method is utilized. After computing D based on (31) and substituting it into (30), the negative
eigenvalues of the resulting @ are forced to be zeros directly. This brute-force operation will increase the
diagonal elements of Q as some eigenvalues of @ increase from negative values into zeros. As a result,
the power constraints will be exceeded and it means that the solution is not feasible. Then we multiply
a diagonal matrix Up on both the righthand and lefthand sides of Q, i.e., UpQUZ, to make sure the
power constraints are satisfied. It is worth noting that the resulting new signal covariance matrix is still
positive semi-definite. The diagonal matrix Up is defined as

[Ublj.; = pk/< > [Q]j,j>_1~ (32)

JEYK
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Figure 1 (Color online) Performance comparison between Figure 2 (Color online) The comparisons between the op-
the proposed solutions and the optimal solution solved by timal solution and the proposed solutions with different set-
CVX when M =4 and N = 8. tings with more transmit antennas.

We want to highlight that non-iterative algorithm is very attractive for practical implementation for
several reasons. Referring to iterative algorithms, in most cases the global optimality cannot be guar-
anteed even with proved convergence. Moreover, for iterative algorithms the final solutions have close
relationship with initial values. Even if an iterative algorithm can be proved to converge to globally
optimal solutions, the iteration numbers cannot be predicted a priori. As a result, the scare wireless
resources such as hardware memory and power, cannot be allocated precisely for iterative algorithms in
the system design stage.

Remark. In this paper, perfect CSI is assumed, but in practical systems, many factors will result
in imperfect CSI. As a result, the designs with imperfect CSI are of importance as they can reduce the
negative effects of channel errors [25-28]. Robust designs for MIMO systems under per-antenna power
constraints are also an important topic for future research.

5 Simulation results

In this section, our theoretical conclusion is assessed by the simulation results. Specifically, a point-to-
point MIMO system under per-antenna power constraint is simulated, with N transmit antennas and M
receive antennas. Notice that as the optimization problem (1) is convex, it can be directly solved using
some famous optimization software toolboxes [29], e.g., CVX software toolbox [30]. The solution of (1)
computed by CVX will act as a benchmark in the following comparisons. In addition, the signal-to-noise
ratio is defined as P/o2 where P is total transmit power and o2 is the noise variance. To make comparisons
between existing works, per-antenna power constraints are adopted in the simulation. Specifically, the
power ratio from the 1st antenna to the Nth antenna is arbitrarily chosen as N : N —1:---: 1. This
setting aims at making different antennas subject to significantly different power constraints. Then per-
antenna power constraint model is much more important than simple sum power constraint model. In
the following figures, each point is an average of 500 channel realizations.

In Figure 1, it is shown that the proposed iterative solution has exactly the same performance as the
optimal solution solved by CVX and its convergence speed is very fast. It is worth noting that the proposed
non-iterative solution also has almost the same performance as the optimal solution. In addition, without
iteration the proposed non-iterative solution performs better than the existing algorithm in [9] via setting
the iteration number of the algorithm in [9] to be 1. Furthermore, in Figures 2 and 3, it is shown that
for various simulation settings both the proposed solutions always have a pretty good performance very
close to the optimal solutions solved by CVX, no matter with more transmit antennas or more receive
antennas. We have also tried a lot of simulation settings and the similar results can always be achieved.
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Figure 5 (Color online) The convergence speed of the Figure 6 (Color online) The convergence speed of the
proposed iterative solution at SNR=0 dB with M = 8 and proposed iterative solution at SNR=20 dB with M = 40
N =4. and N = 80.

Due to space limitation, these results are not listed in this section.

As convergence of iterative algorithms is a critical issue, extensive simulations are performed to evaluate
the convergence behavior of the proposed iterative solution. Generally speaking, the proposed iterative
solution enjoys a very fast convergence speed for all the simulation settings. Shown in Figure 4, for the
antenna setting with more transmit antennas, M = 6 and N = 8, taking the non-iterative solution as
the initial value, the iterative solution converges much faster than the algorithm proposed in [9]. On the
other hand, the performance of the proposed non-iterative solution is satisfactory. A similar result is also
achieved in the setting with more receive antennas shown in Figure 5. It should be highlighted that in
Figure 5, the curve of the existing algorithm in [9] is decreasing with iteration number. It is because in [9]
the iterative algorithm iteratively finds the optimal solutions satisfying the power constraints. For Vu
Mai’ algorithm, the iterative procedure is based on iteratively checking whether the per-antenna powers
are satisfied or not. Before it converges, the solution of Vu Mai’s algorithm does not satisfy the per-
antenna power constraints. The reason why in Figure 5 before converging the capacity of the solution
is larger than the optimal one is in the iterative computing procedure the power constraints are not
satisfied.

After that we vary the antenna numbers and even a 40 x 80 massive MIMO system is simulated as
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shown in Figure 6. It is interesting that as the antenna array increases, the proposed iterative solution
still enjoys a fast convergence speed. Even in a 40 x 80 massive MIMO system, for the proposed iterative
solution the convergence is achieved after a small number of iterations. It means that the proposed
solution is well-suited to massive or large MIMO systems that enable high special efficiency for future
communication systems.

6 Conclusion

In this paper, transceiver designs for MIMO systems under mixed power constraint are discussed. With
mixed power constraint, some of the antennas at transmitter have their sum power constraints while
the other ones are subject to per-antenna power constraints. As a result, both the transceiver designs
under sum power constraint and per-antenna constraint can be considered as the special cases of the
considered transceiver design. This kind of designs also has several important application scenarios, e.g.,
C-RANs. Furthermore, the exact formula of the optimal solution has been derived. In order to compute
the solution, both iterative and non-iterative solutions are proposed in this paper. The non-iterative
solution has a very simple formula and can be interpreted as matrix version water-filling solution, an
extension from vector domain to matrix domain. At the end the performance of the proposed solutions
is assessed by the simulation results.

Acknowledgements This work was supported by National Natural Science Foundation of China (Grant No.
61421001), 111 Project of China (Grant No. B14010), National High Technology Research and Development
Program of China (Grant No. 2014AA01A701), and China Mobile Research Institute (Grant No. [2014]451).

Conflict of interest The authors declare that they have no conflict of interest.

References

1 Telatar I E. Capacity of muti-antenna Gaussian channels. European Trans Commun, 1999, 10: 585-595
Palomar D P, Cioffi J M, Lagunas M A. Joint Tx-Rx beamforming design for multicarrier MIMO channels: a unified
framework for convex optimization. IEEE Trans Signal Process, 2003, 51: 2381-2401

3 Scaglione A, Stoica P, Barbarossa S, et al. Optimal designs for space-time linear precoders and decoders. IEEE Trans
Signal Process, 2002, 50: 1051-1064

4 Sampath H, Stoica P, Paulraj A. Generalized linear precoder and decoder design for MIMO channels using the weighted
MMSE criterion. IEEE Trans Commun, 2001, 49: 2198-2206

5 Yang J, Roy S. On joint transmitter and receiver optimization for mutiple-input-mutiple-output (MIMO) transmission
systems. IEEE Trans Commun, 1994, 42: 3221-3231

6 Yu W, Lan T. Transmitter optimization for the multi-antenna downlink with per-antenna power constraints. IEEE
Trans Signal Process, 2007, 55: 2646-2660

7 Tolli A, Codreanu M, Juntti M. Linear multiuser MIMO transceiver design with quality of service and per-antenna
power constraints. IEEE Trans Signal Process, 2008, 56: 3049-3055

8 Zhu H L, Wang J Z. Radio resource allocation in multiuser distributed antenna systems. IEEE J Sel Areas Commun,
2013, 31: 2058-2066

9 Mai V. MIMO capacity with per-antenna power constraint. IEEE Trans Commun, 2011, 59: 1268-1274

10 Chen X, Xu X D, Tao X F. Energy efficient power allocation in generalized distributed antenna system. IEEE Commun
Lett, 2012, 16: 1022-1025

11 Zhu H L, Karachontzitis S, Toumpakaris D. Low complexity resource allocation and its application to distributed
antenna systems [Coordinated and Distributed MIMO]. IEEE Wirel Commun Mag, 2010, 17: 44-50

12 Chen H H, Gershman A B, ShahbazPanahi S. Filter-and-forward distributed beamforming in relay networks with
frequency selective fading. IEEE Trans Signal Process, 2010, 58: 1251-1262

13 Luan T, Gao F, Zhang X. Joint resource scheduling for relay-assisted broadband cognitive radio networks. IEEE
Trans Wirel Commun, 2012, 11: 3090-3100

14 Li N, Fei Z S, Xing C W, et al. Robust low-complexity MMSE precoding algorithm for cloud radio access networks.
IEEE Commun Lett, 2014, 18: 773-776

15 Wang H-M, Yin Q Y, Xia X-G. Distributed beamforming for physical-layer security of two-way relay networks. IEEE
Trans Signal Process, 2012, 60: 3532-3545

16 Gao F F, Jiang B, Gao X-Q, et al. Superimposed training based channel estimation for OFDM modulated amplify-
and-forward relay networks. IEEE Trans Commun, 2011, 59: 2029-2039



Xing C W, et al. Sci China Inf Sci  October 2016 Vol. 59 102312:12

17 China Mobile Research Institue. C-RAN White Paper. v2.5. http://labs.chinamobile.com/cran/2014/06/16/c-ran-
white-paper-3-0/. 2012

18 Boyd S, Vandenberghe L. Convex Optimization. Cambridge: Cambridge University Press, 2004

19 Palomar D P, Fonollosa J R. Practical algorithms for a family of waterfilling solutions. IEEE Trans Signal Process,
2005, 53: 686-695

20 Hansen P C. Rank-deficient and discrete ill-posed problems: numerical aspects of linear inversion. In: STAM Mono-
graphs on Mathematical Modeling and Computation. Philadelphia: Society for Industrial and Applied Mathematics,
1998

21 Xing C W, Li W Z, Ma S D, et al. A matrix field weighted mean-square-error model for MIMO transceiver design.
IEEE Commun Lett, 2013, 17: 1652-1655

22 Zhang Z S, Long K P, Wang J. Self-organization paradigms and optimization approaches for cognitive radio technolo-
gies: a survey. IEEE Wirel Commun, 2013, 20: 36-42

23 Zhu F, Gao F, Yao M, et al. Joint information- and jamming-beamforming for physical layer security with full duplex
base station. IEEE Trans Signal Process, 2014, 62: 6391-6401

24 Zhang Z, Long K, Wang J, et al. On swarm intelligence inspired self-organized networking: its bionic mechanisms,
designing principles and optimization approaches. IEEE Commun Surv Tut, 2014, 16: 513-537

25 Liu P, Gazor S, Kim I M. A practical differential receiver for amplify-and-forward relaying. IEEE Wirel Commun Lett,
2014, 3: 349-352

26 Liu P, Kim I M, Gazor S. Maximum-likelihood detector for differential amplify-and-forward cooperative networks.
IEEE Trans Veh Tech, 2013, 62: 4097-4104

27 Liu P, Gazor S, Kim I M, et al. Noncoherent amplify-and-forward cooperative networks: robust detection and perfor-
mance analysis. IEEE Trans Commun, 2013, 61: 3644-3659

28 Xing C W, Ma S D, Fei Z S, et al. A Generalt robust linear transceiver design for multi-hop amplify-and-forward
MIMO relaying systems. IEEE Trans Signal Process, 2013, 61: 1196-1209

29 Wiesel A, Eldar Y C, Shamai S. Zero-forcing precoding and generalized inverses. IEEE Trans Signal Process, 2008,
56: 4409-4418

30 Grant M, Boyd S. CVX: Matlab Software for Disciplined Convex Programming. Version 2.0 beta. http://cvxr.com/
cvx

/

Appendix A Proof of Conclusion 1
Proof. Because (I — D='/2@wD~1/2)~1 = [ 4 D'/2[TID'/2 denoting & = D'/2ITD'/? we have

D \2eD V2= (I+&) ", (A1)
from which we can easily draw a conclusion that for a positive semi-definite matrix M, if Tr(M®) = 0, we will have
Tr(MD~/2@ D~1/2) = 0. Together with the fact that

T[(I — DY2(HUH) 1 DY? + &)&] =0, (A2)

we straightforwardly have Tr[(I — DY/2(HHH)~1 D2 + $)D~1/20 D~1/2] = 0, based on which it is obvious that
Te[D~ V21 — DV?(# 1) 'D'/? + D" /2 @] = 0.

-Q
Finally, it can be concluded that
Tr[(I — DY2(HUH) "' DY? + &)&] = 0 — Tr(QW) = 0.

Appendix B The proof of (23)
Proof. Based on the EVD defined in (19), [An]7, 1. 1s solved:
Amlii 1k = Ul g D72 U] 1.6) 7 AL (UM x D2 Uk 1) (B1)
based on which the second term of (18) equals
D_1/2[UM]:,1:K[]\M];}(,LK[UME;KD_I/Q
=D UM] 1.k (Us) .k D72 [Un)1:6) T A (UM D72 [Us) 1) 7 UM D2 (B2)

To further simply the above complicated formula we multiply [Ug]!, ;- and [Ug]. 1.x on the left and right sides and then
we have a much simpler form given as

[UH]ﬁlzKD71/2[UM]Z,LK[AM];%{,LK[UM}?l:KD71/2[UH]Z,11K
= U]k D72 UM 1 ((Us)y g D7V 2 [UM]) k) T A
x ([Un)Y.x D72 Uk k) UMY c D7V 2[Un]: 1k
=Ag- (B3)
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