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SYSTEMS AND METHODS FOR OPTIMIZED 
BEAMFORMING AND COMPRESSION FOR 
UPLINK MMO CLOUD RADIO ACCESS 

NETWORKS 

This application claims the benefit of U.S. Provisional 
Application No. 62/023.385 filed on Jul. 11, 2014 by Yuhan 
Zhou et al. and “Methods for Optimized Beamforming and 
Backhaul Compression for Uplink MIMO Cloud Radio 
Access Networks,” which is hereby incorporated herein by 
reference as if reproduced in its entirety. This application 
also claims the benefit of U.S. Provisional Application No. 
62/106,639 filed on Jan. 22, 2015 by Yuhan Zhou, et al. and 
entitled “System and Methods for Optimizing Front-haul 
Compression for Uplink-Multiple-Input-Multiple-Output 
(MIMO) Cloud Radio Access Networks (CRANs). ” 

10 

15 

TECHNICAL FIELD 

The present invention relates to wireless communications 20 
and networking, and, in particular embodiments, to systems 
and methods for optimized beam forming and compression 
for uplink multiple-input-multiple-output (MIMO) cloud 
radio access networks. 

25 

BACKGROUND 

To meet increasing demands of communications in wire 
less networks, for instance due to increase use of Smart 
phones, tablets, and video streaming, advanced network 30 
architectures including heterogeneous radio access networks 
(RANs) are being developed. The heterogeneous RANs 
include various types of access points including macro-level 
access points such as base stations (BSS) as well as Smaller 
coverage access points such as so-called Small cells. In many 35 
architectures, inside the coverage area of macro-level access 
points are the nested Smaller cells (e.g., Femto and Pico 
cells). This provides a wide network coverage area with an 
increased communication capacity to serve users where 
needed. One challenging issue to be addressed in heteroge- 40 
neous networks is mitigating signal interference between 
access points within coverage areas. In the terminology of 
Long Term Evolution based networks, Access to as base 
stations that provide cellular coverage. Within cells, the 
signal interference caused by other access points is referred 45 
to as inter-cell interference. A cloud radio access network 
(C-RAN) is a RAN architecture that offloads at least some 
encoding/decoding functionalities of BSS to a cloud-com 
puting based central processor (CP). The C-RAN architec 
ture allows coordination and joint signal processing across 50 
multiple cells through corresponding links between the BSs 
and the CP, also referred to as fronthaul links. However, 
there is a need for efficient schemes that can take advantage 
of the C-RAN architecture to improve overall communica 
tions performance and mitigate the inter-cell interference 55 
between the cells. 

SUMMARY OF THE INVENTION 

In accordance with an embodiment, a method for deter- 60 
mining a transmit beam former and a quantization noise 
covariance matrix for uplink multiple-input-multiple-output 
(MIMO) communications in a cloud radio access network 
(C-RAN) includes obtaining, by a central processor (CP), 
channel state information for a mobile device (MD) being 65 
served by a plurality of base stations (BSs) in the C-RAN, 
and generating a channel gain matrix in accordance with the 

2 
channel state information. The method further includes 
establishing a weighted Sum-rate maximization model using 
the channel gain matrix in accordance with power con 
straints of transmission from the MD to the BSs and capacity 
constraints of fronthaul links between the BSs and the CP, 
and calculating jointly a transmit beam forming vector for 
the MD and a quantization noise covariance matrix for the 
BSS by applying a weighted minimum-mean-square-error 
successive convex approximation (WMMSE-SCA) algo 
rithm to solve the weighted Sum-rate maximization model. 

In accordance with another embodiment, a method for 
determining a transmit beam former and a quantization noise 
covariance matrix for MIMO communications in a C-RAN 
includes obtaining, by a CP, channel State information for a 
MD being served by a plurality of BSs in the C-RAN, and 
generating a channel gain matrix in accordance with the 
channel State information. A weighted Sum-rate maximiza 
tion model is then established using the channel gain matrix 
in accordance with power constraints of transmission from 
the MD and capacity constraints of fronthaul links between 
the BSs and the CP. The method further includes calculating 
separately a transmit beam forming vector for the MD and a 
quantization noise covariance matrix for the BSS by apply 
ing an approximation algorithm to solve the weighted Sum 
rate maximization model. 

In accordance with another embodiment, a network com 
ponent for determining a transmit beam former and a quan 
tization noise covariance matrix for MIMO communications 
in a C-RAN comprises a processor and a non-transitory 
computer readable storage medium storing programming for 
execution by the processor. The programming includes 
instructions to obtain channel state information for a MD 
being served by a plurality of BSs in the C-RAN, and 
generate a channel gain matrix in accordance with the 
channel state information. The programming includes fur 
ther instructions to establish a weighted Sum-rate maximi 
Zation model using the channel gain matrix in accordance 
with power constraints of transmission from the MD to the 
BSs and capacity constraints of fronthaul links between the 
BSS and the network component, and calculate jointly a 
transmit beam forming vector for the MD and a quantization 
noise covariance matrix for the BSs by applying a WMMSE 
SCA algorithm to Solve the weighted Sum-rate maximization 
model. 

In accordance with another embodiment, a network com 
ponent for determining a transmit beam former and a quan 
tization noise covariance matrix for MIMO communications 
in a C-RAN comprises a processor and a non-transitory 
computer readable storage medium storing programming for 
execution by the processor. The programming includes 
instructions to obtain channel state information for a MD 
being served by a plurality of BSs in the C-RAN, and 
generate a channel gain matrix in accordance with the 
channel state information. The programming includes fur 
ther instructions to establish a weighted Sum-rate maximi 
Zation model using the channel gain matrix in accordance 
with power constraints of transmission from the MD and 
capacity constraints of fronthaul links between the BSs and 
the network component, and calculate separately a transmit 
beam forming vector for the MD and a quantization noise 
covariance matrix for the BSS by applying an approximation 
algorithm to solve the weighted Sum-rate maximization 
model. 
The foregoing has outlined rather broadly the features of 

an embodiment of the present invention in order that the 
detailed description of the invention that follows may be 
better understood. Additional features and advantages of 
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embodiments of the invention will be described hereinafter, 
which form the subject of the claims of the invention. It 
should be appreciated by those skilled in the art that the 
conception and specific embodiments disclosed may be 
readily utilized as a basis for modifying or designing other 
structures or processes for carrying out the same purposes of 
the present invention. It should also be realized by those 
skilled in the art that such equivalent constructions do not 
depart from the spirit and scope of the invention as set forth 
in the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the present inven 
tion, and the advantages thereof, reference is now made to 
the following descriptions taken in conjunction with the 
accompanying drawing, in which: 

FIG. 1 is a diagram of an uplink multiple-input-multiple 
output (MIMO) C-RAN architecture: 

FIG. 2 illustrates an embodiment of a first method for 
optimizing beam forming and compression in C-RAN 
MIMO communications; 

FIG. 3 illustrates an embodiment of a first method for 
optimizing beam forming and compression in C-RAN 
MIMO communications; 

FIG. 4 is a graph showing the cumulative distribution of 
user rates from simulation studies using embodiment 
schemes without successive interference cancellation (SIC); 

FIG. 5 is a graph showing the per-cell sum rate from 
simulation studies using embodiment schemes without SIC: 

FIG. 6 is a graph showing the cumulative distribution of 
user rates from simulation studies using embodiment 
schemes with SIC: 

FIG. 7 is a graph showing the per-cell sum rate from 
simulation studies using embodiment schemes with SIC: 
and 

FIG. 8 is a diagram of a processing system that can be 
used to implement various embodiments. 

Corresponding numerals and symbols in the different 
figures generally refer to corresponding parts unless other 
wise indicated. The figures are drawn to clearly illustrate the 
relevant aspects of the embodiments and are not necessarily 
drawn to scale. 

DETAILED DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

The making and using of the presently preferred embodi 
ments are discussed in detail below. It should be appreciated, 
however, that the present invention provides many appli 
cable inventive concepts that can be embodied in a wide 
variety of specific contexts. The specific embodiments dis 
cussed are merely illustrative of specific ways to make and 
use the invention, and do not limit the scope of the invention. 

System and method embodiments are provided herein to 
optimize MIMO beam forming for uplink and compression 
for fronthaul links transmission in C-RANs. The optimizing 
process improves overall communications performance on 
uplink, which can include cancelling or mitigating inter-cell 
interference. In the MIMO C-RAN, multi-antenna mobile 
devices (MD), also referred to as user terminals, user equip 
ment (UES), and machine-to-machine (M2M) devices, com 
municate with multi-antenna APS that serve as access nodes 
between the MDs and a network. It should be understood 
that a mobile device is a device that can connect to a mobile 
network, such as a RAN (or C-RAN). The mobile device 
itself need not be mobile and may be fixed in location. The 
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4 
BSs are connected to a cloud-computing-based CP through 
respective fronthaul links with certain capacity. An AP 
generically refers to a node through which a mobile device 
can obtain access to the RAN. In some deployments, an AP 
may be a Transmit Point (a node that only serves to transmit 
data towards the MD), or a Receive Point (a node that only 
serves to receive data transmitted from the MD), while in 
other situations, the AP functions like a conventional BS in 
that it serves to both send and receive data. In a C-RAN 
context, the BSS perform a compress-and-forward Scheme to 
quantize the signals received from the MDS on uplink, and 
send the resulting quantized signals to the CP via the 
fronthaul links. The compressed signals received at the CP 
are then decoded. 

Although referred to herein as being base stations, one 
skilled in the art will appreciate that the node could be either 
a Transmit Point (TP) or a Receive Point (RP). Futhermore, 
although the following discussion makes specific reference 
to a UE, any mobile device could be substituted, and the 
device need not fully comply with the 3" Generation Part 
nership Project definition of a UE. 
The embodiment schemes for MIMO C-RAN uplink 

communications include optimizing the compression of 
received signals at the BSs (or RPs) and the beam forming of 
uplink MIMO transmissions from the UEs to the BSs. 
Optimizing the uplink beam forming of transmit signals from 
the UEs can reduce or cancel inter-cell interference in the 
C-RAN coverage area. Optimizing the compression of 
received signals at the CP can meet the limited capacity 
(e.g., bandwidth or frequency resource) of the fronthaul 
links between the BSs and the CP. This is achieved by 
optimizing the quantization noise covariance matrices of the 
BSs. The provided optimization schemes are performed by 
the CP. 

In one optimization scheme, a weighted Sum-rate maxi 
mization problem is formulated under UE power and fron 
thaul capacity constraints. A weighted minimum-mean 
square-error successive convex approximation (WMMSE 
SCA) algorithm is used for finding a local optimum solution 
to the problem. In another optimization Scheme, a low 
complexity approximation is used. The scheme performs 
beam forming by matching to the strongest channel vectors 
at the UE side. The scheme also separately performs per 
antenna Scalar quantizing with uniform quantization noise 
levels across the antennas at each BS. This approach is 
derived by exploring the structure of the optimal solution to 
the Sum-rate maximization problem under Successive inter 
ference cancellation (SIC), considering high signal-to-quan 
tization-noise ratios (SQNRs). Simulation results show that 
the optimized beam forming and fronthaul compression 
schemes can significantly improve the overall performance 
of wireless communications in the network. In the SNOR 
regime of practical interest, the low-complexity Scheme with 
SIC can perform close to the WMMSE-SCA scheme. 

FIG. 1 shows an embodiment of a C-RAN architecture 
that supports MIMO communications between a plurality of 
UEs 110 and a plurality of BSs 120. The BSs 120 are 
connected to a cloud-computing based CP130. Examples of 
the UEs 110 include smartphones, tablet/laptop computers, 
or any user operated devices capable of exchanging wireless 
communications with a network. The BSs 120 are access 
points that send and receive the UEs wireless communica 
tions to and from the network. The BSs 120 may perform 
further processing on UE traffic, such as for encode/decode 
or compress/decompress operations. For example, the BSS 
120 may be evolved node-Bs (eNBs) in Long Term Evolu 
tion (LTE) standard networks and smaller cells such as in 



US 9,537,556 B2 
5 

heterogeneous networks. The CP 130 may be one or more 
processing components such as one or more servers in a 
cloud environment, e.g., the Internet. In other embodiments, 
the C-RAN may include any other types of MDs and APs 
that communicate with the CP 130. The MDs may include 
UEs, sensor devices, M2M devices, and/or other type of 
devices capable of exchanging wireless communications 
with the network. The APs may includes BSs and/or small 
cells (e.g., Femto or pico cells) that relay communications 
between the MDs and the CP 130 with no or simpler 
processing capability than the BSS. The wireless communi 
cations can include radio access network or cellular standard 
communications, WiFi standard communications, and/or 
other wireless technology standard communications. 
The figure shows the flow of uplink communications from 

the UES 110 to the BSS 120 and then to the CP130. The UES 
110 and the BSs 120 communicate with each other on uplink 
using multiple antennas per each entity according to the 
MIMO scheme. The multiple MIMO antennas allow each 
UE 110 and BS 120 to transmit and/or receive multiple 
signals simultaneously with the other entity. The multiple 
signals can correspond to multiple communication channels 
between the two devices. A channel signal can also be split 
into multiple component signals to be sent by the multiple 
antennas. For example, a high-rate signal can be split into 
lower-rate signals transmitted by the multiple antennas at 
one end. At the receiver end, the lower-rate signals are 
received by multiple antennas and then combined to obtain 
the original signal. 

The multiple antenna MIMO transmissions are realized 
by precoding the signals or signal components to establish a 
plurality of directed beams between the transmitting and 
receiving devices. The precoding process determines signal 
parameters, such as signal amplitudes, phases, and orienta 
tion angles, to direct multiple signal beams by the antennas. 
This process is also referred to as beam forming. The mul 
tiple beams are sent on multiple directions between the 
antennas of the transmitting device and the receiving device. 
As such, multiple signals can be transmitted simultaneously 
with controlled interference across the signals. 
As the number of BSs 120 and UEs 110 increases, for 

instance in heterogeneous networks that make use of differ 
ent sizes of access points, such as Small cells (e.g., Femto or 
Pico cells), inter-cell interference becomes significant and 
further interference mitigation measures are needed. The 
inter-cell interference problem for uplink MIMO transmis 
sions can be formulated considering the components of the 
C-RAN architecture. As shown in FIG. 1, the uplink of the 
C-RAN allows GUES 110 to communicate with a CP 130 
through L BSs 120 (G and L is an integer). The BSs 120 are 
considered to be connected to the CP 130 through corre 
sponding noiseless fronthaul links of finite capacities C. 
One skilled in the art will appreciate that a fronthaul link can 
have noise, but that it is treated in the following discussion 
as being noiseless by assigning it a capacity at which 
transmissions can be made so that the noise is accounted for 
using error correction codes. Further, each UE 110 is 
equipped with Mantennas, and each BS 120 is equipped 
with Nantennas (where each of M and N is an integer). The 
number of antennas, M, at the UE 110 may be equal to or 
different than the number of antennas, N, at the BS 120. 
Channel state information (CSI) is made available to all the 
BSS 120 and to the CP 130. For instance, the CSI can be 
collected by the BS 120 and sent to the CP 130, or to a 
network controller that shares it with the CP 130. 
The i-th BS 120 quantizes the received signal, then 

forwards the compressed bits to the CP130 for decoding. At 
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6 
the CP side, the quantization codewords are first decoded, 
then the user messages are decoded sequentially. To model 
the uplink communications of the C-RAN system, a vector 
H is defined as the NxM complex channel matrix between 
the k-th UE 110 and the i-th BS 120. The channel matrix 
from the k-th UE 110 to all the BSs 120 is given as the 
NLXM matrix, H. H. H. . . . , H. Each UE 110 
may transmit dparallel data streams to the CP 130. The 
vector VeC“denotes the transmit beam forming vector 
(beam former) that the k-th UE 110 utilizes to transmit signal 
se-C*' to the CP 130. Thus, the transmit signal at the k-th 
UE 110 is given by x =Vs. The signally, received at the the 
i-th BS 120, can be expressed as 

for i=1,2,..., L, where s-CN(0, I) is the intended signal 
vector for the k-th UE 110, and Z-CN(0.O.I) represents the 
additive white Gaussian noise at the i-th BS 120. Further, 
each transmit beam former vector should satisfy a per-user 
power constraint: 

Tr(V.V.')sP k=1,2,..., G. (1) 
When the linear minimum-mean-squared-error (MMSE) 

receive beam former vector is applied at the CP 130, the 
transmission rate (R) for the k-th UE 110 is given by: 

R=log II+V.H.J. H.V., where (2) 

G (3) 

J. = i =X H. V. V." Hi + K. + Ko, 
isk 

with K=diag(O.I) and Ko diag(Ka). To achieve higher 
throughput, a Successive interference cancellation (SIC) 
scheme can be applied at the CP130. In this case, the matrix 
J.' is replaced by J. ' expressed as: 

G (4) 

J. = Ji" =X H. V. V." Hi + or 1 + Ko. 
isk 

The compression rates at the BSs 120 should satisfy the 
fronthaul link capacity constraints. Based on the vector 
quantization theory, the fronthaul constraints can be 
expressed as: 

G (5) 

X His V. V." Hi + Oil + Ko, 
log s C for i = 1, 2, ... , L, 

where H is the complex channel gain matrix between the 
k-th UE 110 and the i-th BS 120. 
The following weighted Sum-rate maximization problem 

is formulated to characterize the tradeoff between the 
achievable rates for the UEs 110 and the system resources: 

G (6) 
a log i + VHi J. H. V. 

V. Ko, if 
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-continued 

s.t. J. =X H, V, VHF + K. + Ko, 
isk 

G 

X H. V. V." Hi + Oil + Ko, 
k=1 

lo s C, and 
9. |Ko, 

Ko > 0, for i = 1, 2, ... , L, Tr(V, V) < P., 
for k = 1, 2, ... , G, 10 

where C's are the weights representing the priorities asso 
ciated with the UEs 110, K=diag(O,I), and Ko diag(Ko). 
Due to the non-convexity of both the objective function is 

and the fronthaul capacity constraints in the problem for 
mulation of equation (6), finding the global optimum solu 
tion of equation (6) can be complex. The present formulation 
of equation (6) can be extended to a more general case where 
the UE 110 scheduling strategy is also included. More 
specifically, a weighted sum rate over all the UEs 110 in the 
network can be considered, where the beam former vector for 
the UEs 110 are set to a Zero vector if they are not scheduled. 

In an embodiment, a joint optimization of a beam former 
vector and a quantization noise covariance matrix is applied 
to account for both the transmit beam forming, from the UEs 
110 to the BSs 120, and the quantization for compression at 
the BSS 120. A weighted minimum-mean-square-error Suc 
cessive convex approximation (WMMSE-SCA) algorithm is 
used for efficiently finding a local optimum solution to this 
weighted Sum rate maximization problem. 30 

The WMMSE-SCA algorithm is used to find a stationary 
point of the problem formulation of equation (6). The 
objective function and fronthaul capacity constraints in this 
model are both non-convex functions with respect to the 
optimization variables. Solving the model can be challeng- 35 
ing due to the complexity of the equations involved. To 
simplify the Solution, the objective function in equation (6) 
is reformulated as a convex function with respect to the 
MMSE-matrix, given by the UE's target signals and the 
intended decoded signals when a MMSE receive beam 
former is applied. The convex objective function and the 
compression rate expressions in the fronthaul constraints of 
equation (6) are then linearized to obtain a convex approxi 
mation of the original problem. The optimal solution is 
approximated by optimizing this convex approximation. 

The following relation is a consequence of concavity of 5 
the log || function in equation (6): 

25 

40 

for the positive definite Hermitian matrices S2, XeCYY. By 50 
applying this relation to the first log-determinant term in the 
fronthaul constraint of equation (5) and by setting 

G 

() =X H. V. V." Hi + Oil + Ko, 55 
k=1 

it becomes possible to approximate the fronthaul constraint 
of equation (5) with the following convex constraint: 

60 

G (8) 

log2+ re. S. His V. V." Hi + of 1 + Ko-log Kos C; +N 
k=1 

for i = 1, 2, ... , L. 65 

8 
The original fronthaul constraint of equation (5) may be 
feasible when the convex constraint of equation (8) is 
feasible. The two constraints are equivalent when 

G (9) 

X = X H. V. V." Hi + Oil + Ko. 
k=1 

The objective function in equation (6) can be approxi 
mated using the WMMSE approximation considering 
UeC^* as the linear receive beam former applied at the 
CP 130 for recovering s. The transmission rate R in 
equation (2) can be expressed as: 

R = maxlog|E|, where (10) 
k 

E = (1 - U; H. V.)(I - U; H. V.)" + 
G 

UX Hiv, V. Hi + K. + Ko U. 
itk 

By applying the relation above, the rate expression in 
equation (10) can be rewritten as: 

R = max (log W - Tr(W. E.) +d), where (11) 
W.U. 

W is the weight matrix introduced by the WMMSE 
approach. The optimal W is thus given by: 

where U* is the MMSE receive beam former given by: 

U = (2. H, V, V, H+, K+ Ko)"H.M. (13) 
isk 

Using equations (11) and (8) to replace the objective 
function and the fronthaul constraint in equation (6), it is 
possible to reformulate the weighted Sum-rate maximization 
problem as follows: 

L. 

3X a (log W. - Tr(W. E. )) + pX||), - (), II; 
W.X; 

(14) 

where O is some positive constant, C, C+N, and 
S2, X, H.V.V.'H'+O, I+K. The last term in the 
objective function of equation (14), which involves a Sum 
mation of Frobenius norms, is a quadratic regularization 
term that establishes a strongly convex optimization with 
respect to each optimization variable. 
The problem can be verified to be convex with respect to 

any one of the optimization variables when the other opti 
mization variables are fixed. Specifically, when the other 
variables are fixed, the optimal values of X, W, and U are 
given by equations (9), (12), and (13) respectively. When X, 
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U, and W are fixed, the optimal values of V, and Kare the 
solution of the following optimization problem: 

min X. 
L. (15) 

a Tr(W. E.) + pX |O; -); II: 
i=l 

s.t. Tr(X, 'S2,)-log |Kols.C"-log IX, I, KoeO, for i=1, 
2,..., L, Tr(V.V.')sP, 

for k=1,2,..., G. The above problem is convex over V 
and Ko, which can be solved efficiently with polynomial 
complexity. 

FIG. 2 shows an embodiment method 200 for optimizing 
beam forming and compression in MIMO C-RAN commu 
nications. The method Summarizes the steps of the 
WMMSE-SCA algorithm which can be implemented at the 
CP. At step 201, a channel gain matrix is generated in 
accordance with channel state information for uplink trans 
missions from the UEs to the BSs. At step 205, a weighted 
Sum-rate maximization model is established using the chan 
nel gain matrix in accordance with power constraints and 
fronthaul capacity constraints. The Solution to the weighted 
Sum-rate maximization model begins at step 210, where a 
transmit beam former (beam forming vector), for each UE to 
transmit on uplink to all considered BSs, is initialized. A 
quantization noise covariance matrix is also initialized for 
the BSS. The quantization noise covariance matrix deter 
mines the quantization of receive signals at the BSS. For 
example, the transmit beam former V is initialized as Tr(V- 
V.')=P to meet the power constraints. The quantization 
noise covariance matrix can be initialized to the mean noise, 
as KYI. At step 220, the receive signal covariance matrix 
for each BS is calculated according to the transmit beam 
former, the quantization noise covariance matrix, the chan 
nel gain matrix, and a background noise covariance matrix 
of the system. For example, the receive beam former X, is 
obtained as X,<-X, H.V.V.'H'+O,I+K. At step 230, 
a MMSE receive beam former for the CP is obtained based 
on the transmit beam former, the quantization noise covari 
ance matrix, the channel gain matrix, and the background 
noise covariance matrix. For example, the MMSE receive 
beam former U, is obtained as: U.<-(X, H.V.V.H.'+K+ 
Ko)"H.V. At step 240, a weigh matrix is calculated 
according to the transmit beam former, the MMSE receive 
beam former, and the channel gain matrix. For example, the 
weight matrix W, is retrieved using W.<-(I+U,'H.V.). At 
step 250, the transmit beam former and the quantization 
noise covariance matrix are recalculated by solving a convex 
optimization based on the receive signal covariance matrix, 
the MMSE receive beam former, the weight matrix, the 
transmit power constraints for the UE, and the fronthaul 
links capacity constraints. The resulting vectors (V. K.) are 
chosen as a first solution. The steps 220 to 250 can be 
repeated until the solution converges to final values. Con 
vergence, in this case, is not a reference to the value of V. 
converging to the value of Ko, but instead refers to the 
difference between the values of V, and Ko in a given 
iteration being sufficiently close to the respective values in 
a previous iteration. In some embodiments, if the difference 
between the values of V, and Ko, at a given iteration and the 
respective values at a previous iteration is below a threshold, 
then convergence is considered to have been achieved. 

The WMMSE-SCA algorithm above yields a non-de 
creasing sequence of objective values for the problem of 
equation (6). In some scenarios, this may guarantee that the 
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10 
algorithm will converge to a stationary point of the optimi 
zation problem. From any initial point (V.", Ke), the 
convergence result represents the limit point (V*, K*) 
generated by the WMMSE-SCA. This point is a stationary 
point of the weighted Sum-rate maximization problem of 
equation (6). 

Although locally optimal transmit beam formers and 
quantization noise covariance matrices can be found using 
the WMMSE-SCA algorithm for any fixed user schedule, 
user priority, and channel condition, the implementation of 
WMMSE-SCA in practice can be computationally intensive, 
especially when the channels are fast varying or when the 
scheduled users in the time-frequency slots change fre 
quently. In another embodiment, a low-complexity approxi 
mation scheme, which can be simpler than the WMMSE 
SCA scheme above, is applied to account for both the 
transmit beam forming, from the UEs 110 to the BSs 120, 
and the quantization for compression at the BSs 120. The 
low-complexity approximation scheme matches the transmit 
beam formers to the strongest channel signal vector. Sepa 
rately, the scheme also determines per-antenna Scalar quan 
tizers with uniform quantization noise levels across the 
antennas at each BS 120 for the sum-rate maximization 
problem when the signal-to-quantization-noise ratio 
(SQNR) is relatively high (e.g., above a determined thresh 
old) and when successive interference cancelation (SIC) is 
applied at the CP 130. Unlike the WMMSE-SCA scheme, 
this low-complexity Scheme designs the transmit beam form 
ing and the backhaul compression separately. Numerical 
simulations show that with SIC at the CP 130, the proposed 
separate design is near optimal in the SQNR regime of 
practical interest. The solution is efficient and practical for 
designing transmit beam forming and backhaul compression 
to mitigate inter-cell interference in the C-RAN system. 
The Sum-rate maximization problem can be formulated as 

follow: 

|HKx H + K. + Kol (16) I maX log |K. + Kol K. Ko, 

|G, Kx G'+ Oil + Ko. i Xi 'i 9. s C. Ko, - 0, 

for i=1, 2, . . . , L, Tr(K)s.P. for j=1, 2, . . . , G, where K-diag(O.I), and Ko diag(Ka). The matrix H is the 
channel gain matrix between the UEs 110 and the BSs 120, 
and G, denotes the channel gain matrix between the UEs 110 
and the i-th BS 120 (which may be full rank). The vector 
K-V.V?, and Ky diag(K). 
Under high SQNR, the optimal quantization noise levels 

should be set as uniform across the antennas at each BS 120. 
To obtain the Karush-Kuhn–Tucker (KKT) condition for the 
optimization problem in equation (16) under the high 
SQNR, a Lagrangian function is formed as: 

LK, Ko, A, u)= log HKx H + K. + Kol- (17) 
L. 

log K. + Ko- X A logG, Kx G'+ Oil + Ko, + 
i=1 
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where W is the Lagrangian dual variable associated with the 
i-th backhaul constraint, and , is the Lagrangian multiplier 
for the j-th transmit power constraint. Setting &L/GK to 
Zero, the following optimality condition is obtained: 

F.(HKH'+K+Ko) 'F' (of I+K) - (G.K.G.'+ 
o, I+K)-- Ko'=0, (18) 

where the NxNL matrix F.O. . . . , 0, I, 0,..., O. It can 
be verified that Osw-1. Furthermore, if the overall system is 
to operate at reasonably high spectral efficiency, the follow 
ing inequality should hold: (HKH'+K+Ko)>(K+Ko) 
and (G.K.G.'+o, I+K)>K Under this high SQNR con 
dition, the equality (o, I+K)=.K.' is provided, in 
which case the optimality condition becomes: 

(19) 

where we(0,1) is chosen to satisfy the fronthaul capacity 
constraints. The above result implies that uniform quantiza 
tion noise levels across the antennas at each BS 120 are 
optimal at high SQNR, although the quantization noise level 
may differ from BS to BS depending on the background 
noise levels and the fronthaul constraints. 

For maximizing the Sum rate, each UE 110 can align its 
signaling direction with the strongest eigen-mode of the 
effective channel, and allocate power along this direction in 
a water-filling procedure. To implement water-filling, the 
combined quantization and background noise and interfer 
ence is whitened. The resulting channel is then diagonalized 
to find its eigenmodes. The water-filling procedure is per 
formed as such iteratively among the MDs 110. As seen 
from equation (19), at high SQNR, the optimal quantization 
noise covariance matrices are diagonal with entries propor 
tional to the background noise levels. Further, if d-min M, 
NL/G} is selected, e.g., if the total number of user data 
streams is permitted to be equal to the number of degrees of 
freedom in the system, then multi-user interference would 
be contained. In this case it is reasonable for each UE 110 
to transmit with maximum power and allocate the transmit 
power uniformly among the transmit beam formers. 

Accordingly, the low-complexity beam former design 
selects for each UE 110 the transmit beam formers that match 
to the UE's transmit channel. Specifically, a singular value 
decomposition (SVD) on H is performed for the k-th UE 
110 as H-dCT, I.'. The transmit beam former is then 
chosen as: 

where (1:d) is a matrix formed by d columns of which 
correspond the d largest singular values of H. Simulation 
results show that with SIC at the CP 130, this scheme 
performs close to the WMMSE-SCA scheme in the SQNR 
regime of practical interest. 

FIG. 3 shows an embodiment of another method 300 for 
optimizing beam forming and compression in C-RAN 
MIMO communications. The method summarizes the steps 
of the low-complexity approximation which can be imple 
mented at the CP. At step 301, a channel gain matrix is 
generated in accordance with channel state information for 
uplink transmissions from the UEs to the BSs. At step 305, 
a weighted Sum-rate maximization model is established 
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12 
using the channel gain matrix in accordance with power 
constraints and fronthaul capacity constraints. The Solution 
to the weighted Sum-rate maximization model begins at Step 
310, where a transmit beam former, for each UE to transmit 
on uplink to all considered BSs, is obtained based on the 
SVD of the channel gain matrix. For instance, the SVD is 
performed on H, e.g., using H =d, T.I.'. The vector V, is 
then obtained as 

V = . . Y. (1:d k W (1:d) 

for k=1,. . . . . G. At step 320, the quantization noise 
covariance matrix is determined using bisection and accord 
ing to the fronthaul capacity constraints, the transmit beam 
former, and the channel gain matrix. For instance, bisection 
in B. B. can be used to solve for B, in C(B)=C., for 
i=1,..., L. The vector Ko, is then obtained as Kofi,I for 
i=1,. . . . . L. 

Simulation studies were performed to evaluate the two 
schemes for optimizing the beam forming of uplink MIMO 
transmissions from the UEs to the BSs and the compression 
of received signals at the BSs. The simulations were con 
sidered for a 19-cell 3-sector/cell wireless network setup 
with central 7 cells forming a cooperating cluster. The UEs 
are associated with the strongest BS. Round-robin user 
scheduling was used on a per-sector basis. Detailed system 
parameters are outlined in Table 1 below. In particular, the 
C-RAN consists of L-21 sectors, with M=N=2 antennas at 
each BS and each UE. A total of G=NL UEs are scheduled 
simultaneously in each time-frequency slot, where each UE 
sends one data stream (e.g., d=1) to the CP. 

TABLE 1. 

Cellular Layout Hexagonal, 19-cell, 3 sectors/cell 

BS-to-BS Distance 500 m 
Frequency Reuse 
Channel Bandwidth O MEHz 
Number of Users per Sector 2O 
Total Number of Users 420 
Max Transmit Power 23 dBm 
Antenna Gain 4 dBi 
Background Noise -169 dBm HZ 
Noise Figure 7 dB 
Tx.Rx Antenna No. 2 x 2 
Distance-dependent Path Loss 
Log-normal Shadowing 
Shadow Fading Correlation 
Cluster Size 
Scheduling Strategy 

28.1 + 37.6logo (d) 
8 dB standard deviation 
O.S 
7 cells (21 sectors) 
Round-robin 

FIG. 4 shows the cumulative distribution of user rates 
obtained from simulation studies without SIC at the CP. FIG. 
5 shows, from the simulations, the per-cell sum rate vs. the 
average per-sector fronthaul capacity for both the WMMSE 
SCA and approximation schemes, without SIC. FIGS. 4 and 
5 compare the performance of the baseline system with the 
proposed beam forming and backhaul compression schemes 
implemented without SIC at the CP. The results show that 
both the WMMSE-SCA and approximation schemes signifi 
cantly outperform the baseline scheme without multi-cell 
processing. The results also show that the WMMSE-SCA 
scheme outperforms the approximation scheme when SIC is 
not implemented. As the fronthaul capacity increases, the 
performance gap between the two schemes is reduced. 
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However, as shown in FIG. 5, such a gap does not vanish 
even in the high SQNR regime. 

FIG. 6 shows the cumulative distribution of user rates 
obtained from simulation Studies with SIC at the CP. FIG. 7 
shows, from the simulations, the per-cell Sum rate vs. the 
average per-sector fronthaul capacity for the WMMSE-SCA 
and approximation schemes with SIC. FIGS. 6 and 7 show 
the performance of the two schemes with SIC at the CP. In 
comparison to the simulations above without SIC, the 
WMMSE-SCA and approximation schemes can achieve 
more improvement in overall performance when the SIC is 
applied. The performance improvement is more significant 
for the UEs with low rates (e.g., 10% of the UEs), as shown 
in FIG. 6. The approximation scheme performs close to the 
WMMSE-SCA scheme when fronthaul capacity is large. 
When the fronthaul capacity goes to infinity, the gap in 
performance between the two proposed schemes may van 
ish. 

FIG. 8 is a block diagram of a processing system 800 that 
can be used to implement various embodiments. For 
instance the processing system 800 can be part of a network 
entity or component such as a CP, a base station, or a WiFi 
access point. The system can also be part of a UE. Such as 
a Smart phone, tablet computer, a laptop, or a desktop 
computer. The processing system can also be part of a 
network component, such as a base station. Specific devices 
may utilize all of the components shown, or only a Subset of 
the components, and levels of integration may vary from 
device to device. Furthermore, a device may contain mul 
tiple instances of a component, such as multiple processing 
units, processors, memories, transmitters, receivers, etc. The 
processing system 800 may comprise a processing unit 801 
equipped with one or more input/output devices, such as a 
speaker, microphone, mouse, touchscreen, keypad, key 
board, printer, display, and the like. The processing unit 801 
may include a central processing unit (CPU) 810, a memory 
820, a mass storage device 830, a video adapter 840, and an 
I/O interface 860 connected to a bus. The bus may be one or 
more of any type of several bus architectures including a 
memory bus or memory controller, a peripheral bus, a video 
bus, or the like. 

The CPU 810 may comprise any type of electronic data 
processor. The memory 820 may comprise any type of 
system memory Such as static random access memory 
(SRAM), dynamic random access memory (DRAM), syn 
chronous DRAM (SDRAM), read-only memory (ROM), a 
combination thereof, or the like. In an embodiment, the 
memory 820 may include ROM for use at boot-up, and 
DRAM for program and data storage for use while executing 
programs. In embodiments, the memory 820 is non-transi 
tory. The mass storage device 830 may comprise any type of 
storage device configured to store data, programs, and other 
information and to make the data, programs, and other 
information accessible via the bus. The mass storage device 
830 may comprise, for example, one or more of a solid state 
drive, hard disk drive, a magnetic disk drive, an optical disk 
drive, or the like. 
The video adapter 840 and the I/O interface 860 provide 

interfaces to couple external input and output devices to the 
processing unit. As illustrated, examples of input and output 
devices include a display 890 coupled to the video adapter 
840 and any combination of mouse/keyboard/printer 870 
coupled to the I/O interface 860. Other devices may be 
coupled to the processing unit 801, and additional or fewer 
interface cards may be utilized. For example, a serial inter 
face card (not shown) may be used to provide a serial 
interface for a printer. 
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The processing unit 801 also includes one or more net 

work interfaces 850, which may comprise wired links, such 
as an Ethernet cable or the like, and/or wireless links to 
access nodes or one or more networks 880. The network 
interface 850 allows the processing unit 801 to communicate 
with remote units via the networks 880. For example, the 
network interface 850 may provide wireless communication 
via one or more transmitters/transmit antennas and one or 
more receivers/receive antennas. In an embodiment, the 
processing unit 801 is coupled to a local-area network or a 
wide-area network for data processing and communications 
with remote devices, such as other processing units, the 
Internet, remote storage facilities, or the like. 
While several embodiments have been provided in the 

present disclosure, it should be understood that the disclosed 
systems and methods might be embodied in many other 
specific forms without departing from the spirit or scope of 
the present disclosure. The presented examples are to be 
considered as illustrative and not restrictive, and the inten 
tion is not to be limited to the details given herein. For 
example, the various elements or components may be com 
bined or integrated in another system or certain features may 
be omitted, or not implemented. 

In addition, techniques, systems, Subsystems, and meth 
ods described and illustrated in the various embodiments as 
discrete or separate may be combined or integrated with 
other systems, modules, techniques, or methods without 
departing from the scope of the present disclosure. Other 
items shown or discussed as coupled or directly coupled or 
communicating with each other may be indirectly coupled or 
communicating through some interface, device, or interme 
diate component whether electrically, mechanically, or oth 
erwise. Other examples of changes, Substitutions, and altera 
tions are ascertainable by one skilled in the art and could be 
made without departing from the spirit and scope disclosed 
herein. 

What is claimed is: 
1. A method for determining a transmit beam former and 

quantization noise covariance matrix for uplink multiple 
input-multiple-output (MIMO) communications in a cloud 
radio access network (C-RAN), the method comprising: 

obtaining, by a central processor (CP), channel state 
information associated with a mobile device (MD) 
being served by a plurality of access points (APs) in the 
C-RAN: 

generating a channel gain matrix in accordance with the 
channel State information; 

establishing a weighted Sum-rate maximization model 
using the channel gain matrix in accordance with power 
constraints of transmission from the MD to the APs, 
and capacity constraints of fronthaul links for com 
pressed transmission of received MD signals from the 
APs to the CP; and 

jointly calculating a transmit beam forming vector for the 
MD and a quantization noise covariance matrix for the 
APs by applying a weighted minimum-mean-square 
error successive convex approximation (WMMSE 
SCA) algorithm to solve the weighted Sum-rate maxi 
mization model. 

2. The method of claim 1, wherein applying the 
WMMSE-SCA algorithm to solve the weighted sum-rate 
maximization model includes: 

initializing a transmit beam forming vector for the MD, 
and a quantization noise covariance matrix for the APS; 

calculating a receive signal covariance matrix for each of 
the APs according to the transmit beam forming vector, 
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the quantization noise covariance matrix, the channel 
gain matrix, and a background noise covariance matrix: 

obtaining a minimum-mean-squared-error (MMSE) 
receive beam forming vector for the CP based on the 
transmit beam forming vector, the quantization noise 
covariance matrix, the channel gain matrix, and the 
background noise covariance matrix: 

calculating a weight matrix according to the transmit 
beam forming vector, the MMSE receive beam forming 
vector, and the channel gain matrix; and 

recalculating the transmit beam forming vector and the 
quantization noise covariance matrix by solving a con 
vex optimization model based on the receive signal 
covariance matrix, the MMSE receive beam forming 
vector, the weight matrix, the power constraints, and 
the capacity constraints. 

3. The method of claim 2 further comprising repeating 
calculating the weight matrix and recalculating the transmit 
beam forming vector and the quantization noise covariance 
matrix until the transmit beam forming vector and the quan 
tization noise covariance matrix converge in value. 

4. The method of claim 1 further comprising: 
sending the quantization noise covariance matrix from the 
CP to the APs; and 

sending the transmit beam forming vector to the MD. 
5. A method for determining a transmit beam former and 

a quantization noise covariance matrix for uplink multiple 
input-multiple-output (MIMO) communications in a cloud 
radio access network (C-RAN), the method comprising: 

obtaining, by a central processor (CP), channel state 
information for a mobile device (MD) being served by 
a plurality of access points (APs) in the C-RAN: 

generating a channel gain matrix in accordance with the 
channel State information; 

establishing a weighted Sum-rate maximization model 
using the channel gain matrix in accordance with power 
constraints of transmission from the MD to the APs, 
and capacity constraints of fronthaul links for com 
pressed transmission of received MD signals from the 
APs to the CP; and 

separately calculating a transmit beam forming vector for 
the MD and a quantization noise covariance matrix for 
the APs by applying an approximation algorithm to 
Solve the weighted Sum-rate maximization model. 

6. The method of claim 5, wherein applying the approxi 
mation algorithm to solve the weighted Sum-rate maximi 
Zation model includes: 

obtaining a transmit beam forming vector for the MD by 
applying a singular value decomposition of the channel 
gain matrix: 

establishing a relation between quantization noise and the 
capacity constraints of the fronthaul links, wherein the 
relation is a function of the transmit beam forming 
vector and the channel gain matrix; and 

determining the quantization noise covariance matrix by 
applying bisection to the established relation. 

7. The method of claim 5, wherein calculating the transmit 
beam forming vector includes matching the transmit beam 
forming vectors to a strongest channel signal vector. 

8. The method of claim 5, wherein calculating the quan 
tization noise covariance matrix includes determining per 
each antenna at each AP a scalar quantizer with uniform 
quantization noise levels across all antennas of the AP 

9. The method of claim 5 further comprising applying 
successive interference cancelation (SIC) at the CP 
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10. The method of claim 5, wherein the transmit beam 

forming vector is calculated for transmitting signals above a 
defined signal-to-quantization-noise ratio (SQNR). 

11. The method of claim 5 further comprising: 
sending the quantization noise covariance matrix from the 
CP to the APs; and 

sending the transmit beam forming vector to the MD. 
12. A network component for determining a transmit 

beam former and a quantization noise covariance matrix for 
uplink multiple-input-multiple-output (MIMO) communica 
tions in a cloud radio access network (C-RAN), the network 
component comprising: 

a processor; 
a non-transitory computer readable storage medium stor 

ing programming for execution by the processor, the 
programming including instructions to: 
obtain channel state information for a mobile device 
(MD) being served by a plurality of access points 
(APs) in the C-RAN: 

generate a channel gain matrix in accordance with the 
channel State information; 

establish a weighted Sum-rate maximization model 
using the channel gain matrix in accordance with 
power constraints of transmission from the MD to 
the APs, and capacity constraints of fronthaul links 
for compressed transmission of received MD signals 
from the APs to the network component; and 

jointly calculate a transmit beam forming vector for the 
MD and a quantization noise covariance matrix for 
the APs by applying a weighted minimum-mean 
square-error Successive convex approximation 
(WMMSE-SCA) algorithm to solve the weighted 
Sum-rate maximization model. 

13. The network component of claim 12, wherein the 
instructions to apply the WMMSE-SCA algorithm include 
instructions to: 

initialize a transmit beam forming vector for the MD, and 
a quantization noise covariance matrix for the APS; 

calculate a receive signal covariance matrix for each of 
the APs according to the transmit beam forming vector, 
the quantization noise covariance matrix, the channel 
gain matrix, and a background noise covariance matrix: 

obtain a minimum-mean-squared-error (MMSE) receive 
beam forming vector for the network component based 
on the transmit beam forming vector, the quantization 
noise covariance matrix, the channel gain matrix, and 
the background noise covariance matrix; 

calculate a weight matrix according to the transmit beam 
forming vector, the MMSE receive beam forming vec 
tor, and the channel gain matrix; and 

recalculate the transmit beam forming vector and the 
quantization noise covariance matrix by solving a con 
vex optimization model based on the receive signal 
covariance matrix, the MMSE receive beam forming 
vector, the weight matrix, the power constraints, and 
the capacity constraints. 

14. The network component of claim 13, wherein the 
instructions to apply the WMMSE-SCA algorithm include 
further instructions to repeat calculating the weight matrix 
and recalculating the transmit beam forming vector and the 
quantization noise covariance matrix until the transmit 
beam forming vector and the quantization noise covariance 
matrix converge in value. 

15. The network component of claim 12, wherein the 
programming includes further instructions to: 
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send the quantization noise covariance matrix from the 
network component to the APs; and 

send the transmit beam forming vector to the MD. 
16. The network component of claim 12, wherein the 

network component is a cloud-computing based central 
processor (CP) located in a cloud computing environment. 

17. The network component of claim 16, wherein the MD 
is a user equipment (UE). 

18. The network component of claim 16, wherein the AP 
is a base station (BS). 

19. A network component for determining a transmit 
beam former and a quantization noise covariance matrix for 
uplink multiple-input-multiple-output (MIMO) communica 
tions in a cloud radio access network (C-RAN), the network 
component comprising: 

a processor; 
a non-transitory computer readable storage medium stor 

ing programming for execution by the processor, the 
programming including instructions to: 

obtain channel state information for a mobile device 
(MD) being served by a plurality of access points (APs) 
in the C-RAN: 

generate a channel gain matrix in accordance with the 
channel State information; 

establish a weighted Sum-rate maximization model using 
the channel gain matrix in accordance with power 
constraints of transmission from the MD to the APs, 
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and capacity constraints of fronthaul links for com 
pressed transmission of received MD signals from the 
APs to the network component; and 

separately calculating a transmit beam forming vector for 
the MD and a quantization noise covariance matrix for 
the APs by applying an approximation algorithm to 
Solve the weighted Sum-rate maximization model. 

20. The network component of claim 19, wherein the 
instructions to apply the approximation algorithm include 

O . 
1nStruct1OnS to: 
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obtain a transmit beam forming vector for the MD by 
applying a singular value decomposition of the channel 
gain matrix; 

establish a relation between quantization noise and the 
capacity constraints of the fronthaul links, wherein the 
relation is a function of the transmit beam forming 
vector and the channel gain matrix; and 

determine the quantization noise covariance matrix by 
applying bisection to the established relation. 

21. The network component of claim 19, wherein the 
transmit beam forming vector is designed for signals above 
a defined signal-to-quantization-noise ratio (SQNR). 

22. The network component of claim 19, wherein the 
network component is a cloud-computing based central 
processor (CP) located in a cloud computing environment. 
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