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Abstract—We focus on the linear beamformer design based a vector broadcast channe(BC). Thus, all the known ef-

on quality-of-service (QoS) power minimization in the satellite
downlink with perfect and statistical channel state information
(CSl) users. Contrary to the usual rate requirements for the
perfect CSI users, we consider eitherergodic or outage con-
strained rate requirements for the statistical CSI users. Modeling
the fading channels as zero-mean Gaussian vectors with rank
one covariance matrices, tractable ergodic mutual informéon
and outage probability expressions are obtained. While the
resulting outage constrained rate requirements can diredy be
reformulated to equivalent signal-to-interference-and-noise-ratios
(SINRSs) this is not possible for the ergodic rate constraird.
However, representing the necessary useful signal power efich
user as a function of the experienced interference and line&ing
this interference function, the usual SINR representation is
obtained. Based on this observation, a sequential approxiation
strategy is proposed that solves a QoS power minimization
standard SINR constraints in each iteration. In the numerial
results section, the convergence properties and the achey
performance of this sequential QoS optimization are discused.

Index Terms—QoS power minimization; beamforming; statis-
tical CSlI; ergodic rates; outage constrained rate requirenents;
satellite communication

. INTRODUCTION
As mentioned in [1], the achievements in thaulti-user

ficient beamforming techniques can be exploited, e.g., the
linear beamforming approaches in [3] and [4]. In [2], also
the linear and non-linear restrictions for per-feed trahsm

powers are taken into account. Note that the joint beamfogmi

is designed at the gateway which avoids power intensive
computations at the satellite.

While above approaches rely on perfect CSI for all users at
the operating gatewaypbust formulationof the considered
QoS power minimization have to be considered to cope with
SatCom system that serve algatistical CSlusers, e.gland-
mobile SatCom systenfef. [5]). While the channel states for
static users with line of sight to the satellite are perfectl
known at the gateway, only the statistical properties of the
channels to mobile users, e.g., the covariance matrices, ar
available due to the long round trip time land-mobile Sat-
Com systemécf. [5]). Fortunately, these covariance matrices
are essentially rank one because of the large distance frem t
satellite to the ground and the local shadowing and scagferi
effects around the users in urban environments. Theretfuse,
work concentrates on the robust beamformer design based on
chance constrained formulatiorsd ergodic requirements

and multi-antennatechnology of terrestrial wireless systems Chance constrained programming has recently gained im-
have inspired researchers to explore the benefit of advan@@gtance in wireless communications due to its capabilfty o

physical-layer designs isatellite communicatiofSatCom).
The reason is that this technology potentially offers iasieg
link-quality and the possibility of interference reductiqust

properly describing optimizations with outage rate reguir
ments (e.g., see [6], [7], [8]). However, the tractabilitf o
these outage probabilities strongly depends on the forreof t

by additionally exploiting thespatial domairand without extra Probabilistic expression. Fortunately, the considereanclel
cost concerning transmit power and bandwidth. This is espgatistics with zero-mean and rank-one covariance matrice
cially important as power is a scarce resource at the gatell{€ads to closed-form expressions for the outage rate piithab
The more power is necessary to serve the users, the Iargertﬂ% can directly be mc_orporated Into the existing (pers!)
solar pannels and batteries have to be, which leads to higGS beamformer-design strategies.

launching costs. Hence, the goal of research investigation

Ergodic robust formulations for the considered problem

power efficient communications and data service coverageWfre already considered in [9], [10], [11]. The difficultytisat
future SatCom systems. In this work, we concentrate on tH® €rgodic rate requirements cannot be represented irs term
well known QoS power minimization in the feed forward®f some SINR constraints. Thus, straightforwardly apmyin
link, where transmission takes place through the satettite the usual perfect CSI optimizations is |mpOSS|t_)Ie. Due ts th
the ground terminals. That is, given terminal-specific Qo@©Perty and the fact that no convex reformulations are know
rate requirements shall be fulfilled using minimum sateliitfor the ergodic rate requirements, a globally optirnednch-

transmit power.

A. Preliminary Work and Recent Advances

and-boundapproach was applied in [10] that, however, has
exponential complexity. The other references considentisu
on the ergodic rates which are clearly suboptimal, but lead t

In accordance with recent publications, e.g., [2] and [1gfficient algorithms with quadratic convergence speedhis t
we give up the fixed-spotbeam techniqoke state-of-the art work, we propose a locally optimal sequential approxinratio
SatCom systems in favor of modeling the forward-link astrategy that has tractable complexity.



B. Contributions and Structure [1l. QUALITY OF SERVICE OPTIMIZATION

We present a locally optimal sequential approximatiortstra For perfect channel state information, the minimization of
egy for the robust QoS power minimization in the satellitthe total average transmit power under minimguomality-of-
downlink with perfect CSI and statistical CSI users. To thiservice(QoS) rate requiremenys,, k € {1,..., K} reads as
end, we propose a robust QoS power minimization formu-
lation with rate based chance constraints and ergodic ratétinimize P (1, tx) (Q0S)
requirements for the statistical CSI users in Section Ilhi/  subject to rx(t1,...,tx) > pr Vke{l,...,K},
the chance constrained QoS formulations can be equivglentl

; K
reformulated into minimum SINR requirements, this is no¥here the transmit poweP(t,,. .., tx) = 37, [[|3 and
possible for the ergodic rate constraints (see Section IN#le ratesri(ti, ..., tx) are both functions of the precoding
Therefore, approximations with SINR structure are creatd§ctorsts, with k € {1,..., K}.

that are based on a first order Taylor expansion w.r.t. theBesides the achievable data rates, common QoS metrics are

experienced interference of the specific user. Based or thde users’ SINRs. Due to their bijective relationship,,i.e.
SINR approximations for the ergodic users, we are able

to appr(F)))E)imate the original prol?lem via a standard QoS 7k = logy(1 + SINRy pesi), 1)
power minimization with SINR constraints that in turn can beith the kth user’s (perfect CSI) SINR given by
solved with the usual efficient methods for perfect CSI. This He 12
motivates a sequential approximation method for the initia SINRy pcsi = [Pyt 7
QoS power minimization, where in each iteration a standard ’ 1 Z#k |hit;|?

SINR constrained power minimization problem is solved (S‘?
Section V). The numerical simulations in Section VI indeat
that this (locally optimal) sequential approximation nmath

converges in only a few iterations when starting from ariahit SINRy, pcsi < 27F — 1. (3)

feasible point. Moreover, it achieves the global optimum in ) _ _ _ _
small satellite system setups. Solutions for this equivalent formulation are given in [3],

[4]. Furthermore, equivalently reformulating above SINR
Il. SYSTEM MODEL constraints in terms of theninimum mean square errors
Modeling the satellite feed forward-link as a vector BC(MMSESs), i.e., MMSE, = 1/(1+SINR;,), feasibility of (Qo.S)
K users are simultaneously served by fiieantenna satellite can easily be verified. That is, rewriting the rate constsaas
in the considered carrier. The satellite linearly precottes MMSE;, < ¢, = 277+, k € {1,..., K}, the feasible region
independent unit-variance data signajs ~ N¢(0,1) with  of the requirements-tuple, ..., ex) is a polytope with box
the beamforming vectorg, € CV, k € {1,...,K} and constraints) < e, < 1Vk € {1,..., K} and the half-space
simultaneously transmits the superposition of the outctoe constraintz,{(:1 er > K — N [12, Theorem 1].

)

fie optimization in QoS) can equivalently be written as a
power minimization with the SINR constraints

the K receivers. Usek’s received signal is given by However, this work considers that, is only available for
- - perfect CSl userss € P C {1,...,K}. For the statistical
Yk = hite + hy Ztisi R CSl usersk € S = {1,...,K} \ P, only the spatial channel
7k signaturesy;, are known at the gateway, why we cannot rely

and suffers from zero-mean unit-variance additive Gaussian (1) for these users. For some of these ugesQ C S,

noise ni, ~ MNg(0,1). Here, il € C'™¥ denotes the robust designs shall be based on the reliability that the rat

frequency flat fading channel vector corresponding to user targetsp; are achieved with some minimal probability. That
Note that the channel statég are only available for static is, the chance constrainks{r; > p} > 7 are employed for

users. For mobile users, the gateway is only aware of the= Q, with 7, € [0, 1] being the required minimal probability

statistics of the fading channel that are modeled as zethat the target is met. For the remaining users E = S\ Q,

mean Gaussian vectors with rank-one covariance matricét® ergodic rate constraint8, = Ep,[rx] > pr are used

i.e., hy ~ Nc(0,Ch,) with Cn, = wvpvil. The channel (cf. [10], [11]). Given these three different rate requieents

signaturev, is the scaled dominant eigenvector@f,, . This for static and mobile users, the QoS optimization reads as

model is appropriate when assuming mobile users in an urban X

environment and the satellite works at Ka-band (cf. [5])afTh . 2

) . . ) , minimize Z I£:115

is, the spatial signatures of the channels remain esdgntial P

constant due to the large distance from the satellite to the . (Q)
. . subject to Tk > Pk kel
ground and the slow movement of the mobiles. The signal of Pr{ry, > pu} > 7 keQ
B . kZ Pky Z Tk
far distant large scatterers, e.g., mountains and skyssap Re > pr kel

can be neglected due to the additional path loss and delays.
However, the norm and phase of the channels strongly depehldge that ©o.S) is a non-convex problem in the original BC
on the position of the mobile, the surrounding scatterand, aformulation and might become infeasible whéh < K and
the heavy shadowing in urban environments. too largepy, are chosen.



The perfect CSI rates in (1), the reliability probability 70:4‘ Ve

Pr{ry > px}, and the ergodic rateR; = E[r] are neither 3,000 || — - lower bound £ |
convex nor concave functions ¢t;}% ;. To overcome this -— - upper bound /'/
difficulty, the perfect CSI rate requirements are transfum ——¢c=3 e

to their SINR based counterparts as seen above. In the next
section, it is shown that ‘SINR’ like terms are also avaiabl = 2,000 |
for the rate based chance constraints and approximations gf
the ergodic rate constraints iQf. This enables applying a
sequential approximation approa@s detailed in Section V.

c=2

1,000
IV. CONSTRAINT SET REFORMULATION

We show that the chance constraints i@)(can directly
be transformed to SINR constraints and the ergodic rate

constraints can be approximated with ‘signal-to-intesfere- 0 ' 10' ' 20 30 40
plus-noise-ratio’ constraints. x
A. Chance Constrained Rate Requirements Figure 1. A plot of the functiong(c, z) together with the upper bound

gle, ) < (e¢T7 —1)(1+x) and the lower boungd(c, z) > (e¢ —1)(1+x).
To reformulate the chance constraint i@)(as respective
SINR requirement, we first rewrite the constraint as
Here, Iy = 37, [vi'ti|* and the functiomh : Ry — Ry
is defined asi(z) £ e¥ E; (1), whereE, (z) = [ dt
with Pr{r; < px} being theoutage probability—the proba- denotes the exponential integral function (e.qg., see [14]).
bility that the rate requiremend;, is not satisfied. Since we Unfortunately, a direct reformulation of (6) does not résul

can write hy, ~ wvpwg with wi, ~ N (0,1), above outage in the same SINR structure as for perfect CSl in (3) and the

Pr{ry < pr} <1— 7%,

probability can equivalently be expressed as chance constraint formulation in (5). That is, by reforntinig
9Pk _ 1 the ergodic constraint such that the average received lusefu
Pr{r < pr} =Pr {Iwkl2 < ot — 2 — 11 } signal |v}lt;|* over a function of the interferench, has to
LUkl — - k

meet some minimum requirement, we obtain

with I, = >, |vilt;|? denoting the average experienced oHg, |2

interference of usek. Note that\, = |wy|? is ax?-distributed % >1,

random variable with two degrees of freedom dfjd\,] = . g(In( )p.’“ k)

1. The cumulative distribution functiomf ), reads as (e.g., Where the continuous function

see [13]) g(c,z) = h™Y(c+ h(z)) -z
Fa (0) = Pr{\, <0} =1 —exp(—0).

(8)

o - is non-linear and (non-convex) increasingar(cf. Fig. 1). In
Hence, an explicit form of (4) is given by fact, g(c,z) appears to be concave in but a rigorous proof
(27 — 1)/ (Jofltr]? = (2°% — 1)I) < —In(7k). for this observation is still missing. . .
o _ _ _ ~To obtain some SINR like version of (8), a linear approxi-
This inequality can in turn be written as the SINR constrairthation of g(c, z) is required. For this purpose, we apply the

wllt, |2 first order Taylor expansion
SINRy outage= — 5 > 2 — 1. (5) dg(c, z)
—hgo + Ik glew) = glea) + L5 @),
Here, SINR. ouage has obviously the same properties as. . L . e
SINRg pcsi in (2), namely, it is a fraction of the useful signalWlth the partial derivative being
power over a positive and linearly increasing function in dg(c, x) (ifl(chh(z)))Q x — h(z)
the interferencel;,. The only difference to the perfect CSI or hl(c+h(z) —c—h(z) 22 L,

structure is that the effective ‘noise’ variand¢(— In(7x))

depends on the reliability probability, in (5). Then, the ergodic constraint in (8) can be approximated via

otk |

B
Bty

B. Ergodic Rate Requirements SINR ergodic = > ay, 9)

Next, we consider the ergodic rate requirements
; _ 9g(n(2)pg,Ix) _

. o ) gl Since the functiory(c, z) is close to linear inz, this

Due toCr, = vyvy,, an explicit expression for theth user's  approximation is accurate whenever the optirhals close to

ergodic rate reads as the linearization poinf;,. Note that the SINR target;, in (9)
depends on;, and the ergodic rate targef and appears to

H 2 k
(A (Jo'tel® + Ix) — h (I)] . () approache™®@rx —1 for I — oo (see Fig. 1).




Algorithm 1 lterative QoS power minimization with ergodic 8 : : T ~ : 220
rate requirements — powerPo(,?t) +Il(”), p1=1
Require: hy, Vk € P, vy Vk €S, I\” Vk € E, € + 10~* 6 —o— I py=4/3 =
. n 1200
;: repeat , = S 3(, ),p3:5/3 7
conentl o . . .- 9 3
3:  SINR approximation of the ergodic constraints (9) with © 4 o 4 2 Pa= =
9 ) & —0— 6 —o0—To 0O~ 0 o
ak = gz 9(I(2)pr, )|, ;v = 11808
B = g(In(2)pr, f;in_l)) - akl,i"‘” kS %
4:  Solving the QoS sub-problen®(4) optimally 2 T = = = —F —F =
({8}, Poy') = QA({p}. {r). e}, {62}) {160
5. Update of the interference values l l l l l
LY =S ofit? vk € E %2 4 6 & 10 12
6 until [I" — 1" V| <eVkeE iteration numben
7 return ti") vk € {1,.. -,K},Popt Figure 2.  Minimal Power and Interference vs. number of ttlers until

convergence for & = N =4, E={1,..., K}, and above targets.

and solve the resulting approximate optimization problem.
Then, the obtained beamforming vectors are scaled with a
Based on the SINR reformulations in (3) and (5) for theommon factor such that all rate constraints @) (are sat-
perfect CSI and the reliability rate requirements, redpelst isfied. By this two step procedure we obtain an initial fekesib
and the SINR approximation of the ergodic constraints in (Xuple of precoders{t&o), . ,tﬁ?)) [10, Proof of Theorem 1]
we can approximated) via the standard SINR formulation and, therewith, we can calculate feasible interferencaesl
X asl,”) = Y, [vitl”|? for k € E. Using this initialization,
minimize ZIIEII% an exemplary convergence behav_lor forka = _N =4 _
antenna scenario with only ergodic rate requirements, i.e.

V. SEQUENTIAL APPROXIMATION APPROACH

1=1
subject to  SINR,pcsi > 27 — 1 Vk € P (QA) E = {1,...,4}, is shown in Fig. 2. We see that the trans-
SINRkﬁuta o> —1 Vke @ mit power as well as the individual interference values are
SINRk7ergogic_> I Vk c E. decreasing in each iteration.
This standard power minimization with SINR constraints can VI. NUMERICAL RESULTS

in turn be solved via the usual methods and algorithms. Bhati £, numerical simulations. we consider a GEO-stationary

either we reformulateQ ) into a second order cone problemy,iqiite with a rectangular antenna arrayNéfelements. The
and apply standard interior-point solvers as in [4], or WelRP r- \;sers are randomly placed within 1° to 21°east and 40° to

the uplink-downlink SINR duality and a fixed point algorithmggeyorth. Moreover, we differentiated two system setipiy

in the dual uplink as proposed in [3]. Moreover, feasibility,,qeq systemsith K = N, e.g., K = N =4 andK = N —

of (QA) can be tested in the same way as for the totally perfebci andoverloaded systemsith K > N, e.g., small systems
CSI scenario when defining the MMSE targetseas= 277\, uh 1 — 6 and N = 4 and large systems with® = 80 and

for ke PUQ ande, = 1/(1+ ay) for k € E. N = 64. Within these geometric models, we used the free

We remark that the optimal solution 0@(1) is in general gpace path loss model for determining valuegof }cp and
not a solution of the Or|g|na| QOS power minimization @)( {vk}kES that are normalized with a common factor.

However, whenever the optimal solution a@{l), denoted as * 14 analyze the convergence behavior of Algorithm 1, we
* * P 1

(t1,. -tk Popt) = *QA({Pn}a {Tg};{gﬁ}v {Br}), refults "N have performed simulations with solely statistical CSlrase

interference valued;; = 3, vy t;|° that satisfyl}; = I} ot have ergodic rate requirements, iB.,= {1,...,K}

for all k GE then(t{,.. '_"_t%), is a locally optimal solution g p — Q = 0, and 100 channel realizations. The basic

for the initial power minimization problemd). targets of the users are chosen tofig ; = 1 and ply; = 2,

_This motivates a sequential (convex) approximation algg+ 11 /2}, which we scaled with some common factor
rithm, where in the:-th iteration @) is approximated with the po such thatpy, = pop,. For the histogram in Fig. 3, where the

SINR constrained power m(Ter'zat'on Q) th(it_'ls) based necessary iterations until convergence are depicted, ee-ca

on the interference values, = Yz RtV o jated the minimum transmit power fogp € {0.25,0.5,1,2,4}

ke E, with (¢{""",... t"V) being the outcome of the in the fully loaded system and for, € {0.25,0.5,1} in the

previous iteration (see Algorithm 1). As a starting poing woverloaded system. We can see that the required number of

use an initial feasible se{t[lgo)}kem. To this end, we replace iterations slightly increases with the system dimensiant, b

the ergodic rates ing) with their upper bounds (cf. [10]) remains small (below 16) for all observed scenarios. This
_ olt |2 indicates fast convergence of the proposed algorithm.

Ry, = log, (1 + W) > Ry, Another aspect is the achieved performance of the proposed



| | | 40 : : : .
080 user 64 antennas hte g
150 | . 064 user 64 antenngs e PR
6 user 4 antennas 30 |- S o e A
) o L - o
o 4 user 4 antennas o L P e
S = e _m &
5 100 I R Q20 < {//B// ~ i
g g —— lower bound
g £ —o— global optimum
50 I N E SCA approach
— — upper bound
- > - outager; = 0.99
[ Hﬂ ~ 5 - outagers = 0.90
o - N Al - 5L w w -
4 8 10 . 12 14 16 0.2 0.4 0.6 0.8 1
number of iterations common target factopg
Figure 3. Histogram of the necessary number of iterationis convergence. Figure 4. Minimal Power for a scenario witK = 6, N = 4, and 3

statistical CSI users with either ergodic or reliabilitteraequirements.

algorithm. To this end, we have performed simulations in

the small systems to be able to compute the global optinthe fast convergence motivate a detailed analysis of thedérg
solutions, since the branch and bound method in [10] i8INR’ constraints and its approximation in future work.

exponential in|E|. Here, we depict only the results for an
overloaded systemith K = 6, N = 4, and K/2 statistical
CSl users. All these statistical CSI users had either riitiab
or ergodic rate requirements and above basic targets

In Fig. 4, the minimal transmit power is plotted over the[2]
common target factop,. We remark that all depicted points
po were feasible for the robust power minimizatio@)( For
the ergodic constraint case, we depict thgoer boundand
the lower boundfor the minimum transmit power from [11],
the globally optimal solution, and theequential (convex)
approximation(SCA) approach. Note that each point of the
bound curves is obtained via a single SINR constrained powé'?]
minimization, contrary to the SCA curve points that require
a sequence of these power minimizations. However, with this]
increased complexity, we exactly meet the global optimum in
the considered scenario. This indicates that the SCA meth
has the potential to achieve the global optimum with trdetab
complexity. Similar observations were made for the fully
loaded scenario witll = N =4 and |E| = 2.

For the case with only reliability rate constraints for the
|S| = 3 statistical CSI users, we depicted curves with= 7
for all £ € Q and 7 € {0.99,0.90} in Fig. 4. We see [qg]
that the minimum achievable transmit power strongly depend
on 7 € (0,1) as expected, since the effective noise terfi®l
in (5) is increasing withr. That means, the more reliable the

transmission has to be, the more transmit power is required.
(11]

(1]

(3]

(4

(8]

VII. CONCLUSION AND OUTLOOK

We considered the stochastically robust beamformer desigp
in the satellite downlink based on QoS power minimization
with reliability and ergodic rate constraints. To get alawith 13]
the ergodic requirements, we proposed a sequential (cpnvex
approximation procedure that solves a standard SINR con-
strained power minimization in each iteration. Startingnfir [14]
an initial feasible point, this procedure locally optinyadblves [15]
the initial problem and, thus, potentially achieves thebglo
optimum with reasonable complexity. The performance and
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