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Compute the MIMO zero-forcing receiver for the channel matrix H given as [10] | CO4| L3
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Solution: It can be seen that the MIMO channel matrix above is of size 3 x 2, implying that
the number of receive antennas is v = 3, while the number of transmit antennas is f = 2. Thus,
the MIMO system model can be described as
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Thus, as can be seen from the model above, the transmit vector x is of dimension 2 x 1, while
the receive and noise vectors y. n respectively are of dimension 3 x 1. The above MIMO
system model can also be explicitly written to describe the signal received at each receive

antenna as
Y1 = 2w + 3w+ 1
Yz = 1+ 3x2 + N
y3z = 4dx1 + 22 + na
which basically represents a system of » = 3 equations for £ = 2 unknowns w1, x2. Tocompute

the zero-forcing decoder F z, we first compute the matrix (H“H)_1 H . Observe that
H H can be simplified as
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Hence, the expression for (H H)_1 can be simplified as
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Thus, the zero-forcing receiver matrix Fzp = (H”H)_1 H*Y can be expressed as

Fzp — (H7H) 'HY
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Thus, the zero-forcing estimate of the transmit vector is given as

Xzr = Fzry
— (HH) T Hy
n
—0.04 —0.17 0.31
= Y2
017 0.27 —0.15
Y3

These expressions can now be explicitly written for the estimate of each of the transmit
symbols &1, @9 as

T1 = —0.04y; — 0.17y, + 0.31y3
To = +0.17Ty; + 0.27y, — 0.15y3

It can also be confirmed that the zero-forcing receiver matrix matrix F zp is of dimension
2 w3 en by

One of the chief disadvantages of the zero-forcing receivers is noise amplification. This
can be understood as follows. Consider the SISO wireless system for r = ¢ = 1. We have the

system model given as
y=hr+n

Hence, the zero-forcing receiver is given as fyp = (h*h) ™ h* = h™! = % Hence, the zero-
forcing estimate of the transmitted symbol z is given as

Fzp = fzr X ¥

(hz +n)
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Elaborate in detail on the multiple access for OFDMA Systems.
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Orthogonal Frequency-Division Multiple Access (OFDMA) is a multi-user version of the Orthogonal
Frequency-Division Multiplexing (OFDM) digital-modulation scheme. This is similar to FDM in concept.
However, in the case of OFDM, all of the sub-channels are dedicated to a single data source. The OFDM
scheme uses advanced digital signal-processing techniques to distribute the data over multiple carriers at pre-
cise frequencies. The precise relationship among the subcarriers is referred to as orthogonality. This means
that the peaks of the power spectral density of each subcarrier occur at a point at which the power of other
subcarriers is zero. With OFDM, the subcarriers can be packed tightly together because there is minimal
interference between adjacent subcarriers.

Fig. 8.32 illustrates the concept of OFDM.

Let there be a data stream operating at R bps and an available bandwidth of (N x ), where Nis aninteger
related to the number of subcarriers, and , is the base frequency, centered at . The entire bandwidth could
be used to send the data stream, in which case each bit duration would be 1/R. The alternative is to split the
data stream into N substreams, using a serial-to-parallel converter. Each substream has a data rate of R/N bps
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Fig.8.32 | ConceptofOrthogonal Frequency Division Multiplexing

and 18 transmitted on a separate subcarrier, with a spacing between adjacent subcarriers of ;. Now the bit
duration is N/R. The base frequency, , is the lowest-frequency subcarrier. All of the other subcarriers are
integer multiples of the base frequency, namely2 ,.3 ., and so on.

For transmission, the set of OFDM subcarriers is further modulated to a higher frequency band. A digital
modulation scheme used with OFDM is Quadrature Phase Shift Keying (QPSK). In this case, each transmit-
ted symbol represents two bits. To minimise ISI, data are transmitted in bursts, with each burst consisting of
a cyclic prefix followed by data symbols. The cyelic prefix is used to absorb transients from previous bursts
caused by multipath. The resulting waveform created by the combined multipath signals is not a function of
any sample from the previous burst.

OFDM has several advantages. First, frequency-selective fading affects some subchannels only and not the
complete signal. If the data stream is protected by a forward error-correcting code, the impact of frequency-
selective fading can be minimised. Moreover, OFDM overcomes intersymbol interference in a multipath
environment. I1SI has a greater impact at higher data rates because the time duration between symbols is
smaller. With OFDM, the data rate is reduced by a factor of N, which increases the symbol period by a factor
of N. Thus, if the symbol period is T for the data source stream, the period for the OFDM signals is N x T.
This reduces the effect of ISI. Usually, N is chosen so that N x T is much greater than the root-mean-square
delay spread of the wireless fading channel. As a result of these design considerations, it may not be neces-
sary to include equalisers with the use of OFDM.

Explain in detail the MMSE MIMO Receiver and its advantages in MIMO wireless
communication.
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In this section, we develop the Minimum Mean-Squared Error (MMSE) receiver for the
MIMO wireless communication system. The MMSE receiver is based on a Bayesian approach,
meaning that the transmit vector x is assumed to be random in nature. Thus, if Xymse denotes
the estimated symbol vector, the MMSE receiver minimizes the average or mean of the squared
error

E {||5<MMSE ~ X||2}

Thus, it is aptly named minimum mean-squared error estimator. To illustrate the development
of the MMSE receiver, we consider a single-input multiple-output (SIMO) wireless system,
i.e., T = 1, and generalize the result to the case of a MIMO system. Hence, consider the SIMO
system model given as

y=hzr+n

where x is now a scalar transmitted symbol. Thus, the basic problem can be interpreted as
estimating the symbol z given the vector y = [y1, 2, ..., u] . Let ¢ =[c1, co, ..., ]

One can now define a linear estimator of x as

t=cly (6.7)
Y
Y2
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Such an estimator as above is termed as a [inear estimator, since the estimate is a linear function
of v. We now wish to find the best or optimal linear estimator Xypsg, which minimizes the
mean squared error and hence is also termed the Linear Minimum Mean Squared Estimator
(LMMSE). This is frequently also referred to simply as the MMSE, although strictly speaking
belongs to the specific class of linear estimators. The average mean squared error is defined as

E{jIx - x|}




Employing the form in Eq. (6.7), the resulting equation can be simplified as
E{lk-x?} =E{(Ty-x) (Ty-x)"}
—B{(¢"y —x) (yc—x"))
=E{c'yy'c—zy’c—cyz + 22"}

=¢'E MNe_ElzyTle—cTE {yz) +E {2?
{:y } {Ry } iy J+E{z}q

= cTRyyc — QCTRW + R

where the covariance matrix R, is defined as R,, = E {yy}. Similarly, R,, = E {yx}
= Rfy and R, = E {2%}. Also note that we have used the fact ¢’ R, = (cTRyI)T =
R.,c. Hence, the average MSE as a function of the receive beamformer ¢, denoted by
MSE (c), is given as

SE (c) = cTRyyc - 2(:]"1:{_1’,;E +R..

Thus, the optimal beamformer ¢ which minimizes the average or mean squared error can be
obtained by differentiating MSE (c) with respect to ¢ and setting equal to zero as

OMSE (c) 0
dc N

% (CTRyyC - 2(:TR:L,rI - Rm) =0

2Ryyc — 2Ry, = 0
-1
c=R;!Ry,

Thus, the optimal LMMSE beamforming vector c is given as ¢ = R;j R.;. This is also termed
in signal processing as the optimal Wiener filter. The above can be generalized in the case of
complex vectors by replacing the transpose by the Hermitian operation.




Hence, the MMSE estimate of z is given as
o H
XMMSE = CY
Py ¢ H
= (Ryy Rym) 4

= RI?;R;;Y

We now compute the MMSE receiver for the MIMO wireless system. Consider again the
MIMO system model given as

y=Hx+n

Let the transmit symbols z;, 1 < i <t be such that each is of power P, ie., E {|T112} =

PB,, with elements on different transmit antennas being uncorrelated, ie., E {Tlsc;} = (0 when

¢ # j. Hence, the covariance R... of the transmit symbols is given as
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Hence, R, the covariance of the receive vector y can be simplified as

Ry, =E{yy"}

=E{(Hx+n) (Hx+n)“}

vy

=E{HKXHH+anHH+Han+nnH}
:HE{XXH}H+E{HXH}HH+HE{an}—i—E{nnH}
R 0 0 R

= P,HHY + o1,
N
R

Y

where we have used the fact that E{an} =E{xnf} =0, since the noise at the
receiver and transmit symbols are uncorrelated, in the above simplification. Further, the
cross-covariance matrix R, can be simplified as

Ry, =B {yx"}
=E{(Hx +n)x"}
=E {HxxH + an}
= HE {xoc) + B ")
R.. 0
- PH
Thus, the optimal MMSE receiver is given as
C =Ry, R,
= (PHH" +o21)"' PH
=P, (P HHY + 021) "' H
Hence, the MMSE estimate Xypysg of the transmit vector x is given as
sause = Clly
= pHY (PHHEY +021) "y (6.8)
We now derive an alternative structure for the MIMO MMSE receiver. Observe that, we have,
pH'HHY + 20" = PH"HH" + IHY
= (P,H"H + o21) H = HY (P HH" + ¢21)

= HY (P;HH" +021)"' = (R, H"H + 021) ' H"
Thus, the MIMO MMSE receiver in Eq. (6.8) can also be expressed as

%wse = PaHY (PRHHY +521) 'y

= Py (P;HPH + o21) ' Hy (6.9)

Thus, the above expression is an alternative form of implementation of the MIMO MMSE
receiver. Observe that the matrix HH* ++ 521 is of dimension r x r, while P;H"H + 21
is t x t dimensional. Thus, if 7 > ¢, inversion of the latter matrix is of a lower computation
complexity. Since this is frequently the case in MIMO wireless systems, the altemative MIMO
MMSE receiver version is more popular for implementation.




Explain the Singular Value Decomposition (SVD) of the MIMO channel with suitable
examples.
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In this section, we will begin to explore the Singular Value Decomposition (SVD) of the MIMO
channel matrix H, which is a very important tool to understand the behaviour of a MIMO
wireless communication system. Consider an 7 x t MIMO channel H with » > ¢, i.e., number
of receive antennas greater than or equal to the number of transmit antennas. The SVD of the
channel matrix H is given as
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where the matrices U, X, V, whicharer x t,t x t and ¢ x ¢ dimensional respectively, satisfy
important properties, which we examine next. The columns of the matrix U and V are unit-

norm, i.e., we have

lwl>=vil*=1,1<i<t

Further, the columns of matrix U and V are orthogonal, i.e.,

ufu; =vllv;=0,i#j1<i,j<t
Thus, the columns of matrices U and V are orthonormal. As a result, the ¢ x ¢ dimensional
square matrix V is unitary, i.e.,

ViV =vv¥ =1,
Further, since if 7 = ¢, the matrix U is also a unitary matrix. Otherwise, U simply satisfies the
relation UZ U = 1,. Further, the quantities oy, g9, ..., o, are known as the singular values of

the matrix 3. These singular values are non-negative and ordered, i.e., each o; > 0 and

012092 ...2 04

Finally, an important property of the singular values is that the number of nonzero singular
values is equal to the rank of the matrix H. Below, we illustrate some examples of singular
value decomposition to give insights into the structure of the SVD.




Let the 2 x 2 channel matrix H be given as

H =

0
0 5

In this example, it is very intuitive to simplify H simply as

a9
1 4
<
=

and claim that o7 = 1, 09 = /5 are the singular values of H. However, this is incorrect
since o1 < 0y, meaning that the above is not a valid SVD. However, one can recast H as
follows.

s
M4

<
=

where the matrices U, V are 2 x 2 permutation matrices which flip the rows and columns of
the inner diagonal matrix respectively. It can also be observed that VVZ = V#V =1, Also,
in this case, since r = £, we also have UU" = Uiu= I;. Further, o1 = \/FJ o =12 0.
Thus, the singular values are positive and ordered. Hence, this is a valid SVD of the channel
matrix H. This example demonstrates how an otherwise seemingly simple diagonal matrix can
have an SVD that is not straightforward to compute.

Explain in detail the Alamouti and Space-Time codes.
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Alamouti coding is a space-time block coding technique used in wireless communication
systems with multiple-input multiple-output (MIMO) channels. It was proposed by Prof.
Siavash Alamouti in 1998 and provides a simple and effective way to achieve diversity and|
increase the data rate in wireless communication. The basic idea behind Alamouti coding is to|
transmit the same information over multiple antennas in such a way that it can be decoded at
the receiver using simple linear processing. The Alamouti scheme uses two transmit antennas
and one receive antenna, but it can be extended to multiple antennas at both the transmitter and
receiver. In the Alamouti scheme, the input data is first split into two parts and each part is
transmitted from the two antennas. The transmitted signal at time t is given by:

s(t) = [x1(t) x2(t)] [al(t) -a2*(t)]...oevererereennanen (1)

where x1(t) and x2(t) are the two parts of the input data, al(t) and a2(t) are the complex channel
gains between the two transmit antennas and the receive antenna at time t, and a2*(t) is the
complex conjugate of a2(t).

At the receiver, the received signal is first demodulated and then processed using the following

decoding matrix:

[10;0a2%(t)] [y1(t) y2()] = [X1(t) X2()]vrveee... )




where y1(t) and y2(t) are the received signals at time t.
The decoding matrix takes advantage of the orthogonality between the two transmitted signals
to recover the original data. The first row of the matrix simply scales the first received signal by
1 and the second row scales the second received signal by the complex conjugate of the second
channel gain, which cancels out the interference caused by the second transmitted signal.
Alamouti coding provides diversity gain by transmitting the same information over two
antennas and using simple linear processing at the receiver to recover the original data. It is a
powerful technique for increasing the data rate and improving the reliability of wireless

communication systems, especially in MIMO channels.
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Fig. | Simplified Alamouti Space Time Coding (STC) block disgram

A aimplified block diagram using Alamout STC is shown in Fig. 1. In this system, two different symbob are simulneously transmitied from the wo
antenieas during any symbol period. During the first time period, the firg symbaol in the sequence, 4, & ransmitied from the upper antenna 1 while the
second symibal, 31, is simulaneously transmined from the lower antenna 2. During the next symbol time the signal -31* i3 transmitted from the upper
antenna and the signal 30° is rransmined from ower antenna, Note that | J* is the oomplex conjugate operation.

Tabde | Bit Pattern for two antennas st d iffenent tinse durations

1+d4T 1+ 3T 1+2T 1+T ]
Antenna .1 | =3 82 A1 S
Anienna | w35 s 53 & &1

Al the receiver, a single anfenna receivesa combination of the two iranimited signals after transm sgon through the multipath environnsent. The channel
coelTicient, hil, represents the magniude and phase of the transm ssbon path between rammit antenma | and the receive antenna, The channel coefficient,
hi, represents the path between transmit antenna 2 and the receive antenna, The chamel coefficients, hi and h1, are complex. mimbers that represent the
tota] anplinnde and phase of their respective channel incloding all mulipath effecis.

During the first symbol time, the received signal, 1), i the combinaion of both symbols, 30 and 51, but is modified by the channel coefficents, hi) and
hi. During the next symbaol period, the receiver measures 1l which comain modified versions of 0 and 51, The received sigals, i and 11, a5 a function
of the transmitied 5 grak and chamels coefficients can be represented as

o = i) =hi&0 + k151 +nd
rl=elt+ 0= -hi51* + hi%e* +nl ..o d3)

In order 1o recover the acual rammited symbols, b and 1, the receiver requires knowledge of the channel coefficients, bl and hl. These channel
coefficienisan oftenedmaied al the neceiver by measuring known signals embedded in the transmitied wavelorms, Combiner & then wad 10 reconstnie
e two combined sigmak Then i i3 sent 1o the maximum likelihood dewecton

S0= A ( hitl + hi*dl
1= A(hl®*l = hd%1)
PRSI ™Y LR T N -1 RO | |

Diversity technique does nod maprove the system data rate but rather inproves the sigmal quality. The sequence shown in Fig. | uses encoding performed
in space and time (space—time coding), The encoding may also be done over the space and frequency domams. In this case, imtead of 1wo consecutive
syl periods transmived from two separate anfenmas, two frequency carmiers may be used (space—frequency coding). Lhilization of diversity in MIMO
channels nequines a combination of the ransmil and receive diversity described above, The diversity onder would then be equal 10 the product of the
mummber of randmitand recenve antenmas if the channel hetween each transm il-feceive antenna pair fades independently.

Consider the 2 x 2 MIMO system given below, and describe the various stages of the V
Blast Receiver.
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Solution: The channel matrix H is given as

SR

Therefore, the left inverse of H, i.e., Q = H' is given as Q = H™! since the matrix H is
square and invertible. Therefore, we have

QAH__[ ; ]
—=li 1

It can be clearly seen that the rows of the matrix Q are q{":[ 3 = ],
qil = [ il 1 ] Further, it can be readily seen that gi’h, is given as

q{]h1:[ 3 -2 ] » =1

and qi’hs can be simplified as

q{"h2:|: 3 -2 ] . =0

Therefore, the first row g{’ is orthogonal to ha, i.e., the second column of the channel matrix
H. Therefore, decoding in g¥7 in the first stage of V-BLAST, we have

hi=at'y
1 2 1 nq
=[a =] +
1 3 T3 Ty
xr]
=] 1 w] +ai'n
o i
=x + M

Therefore, the symbol x; can be detected from 7, . The interference caused by this can now be
canceled from the received signal y to form y2 as

Ye=y —hizmy

1 2 a 7 1

B L + L _— iy |
1 3 T2 na 1

= T2+ n

It can now be seen that the above system corresponds effectively to a receive diversity system
with 2 receive antennas and a single transmit antenna. In fact, the optimum receiver scheme is
to perform maximum ratio combining with the receive beamformer w = [ 2 3 ]7 . The
diversity order of decoding this stream is, therefore, equal to 2.

Explain the Uplink SC-FDMA Radio resources.
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Uplink SC-FDMA (Single-Carrier Frequency-Division Multiple Access) radio resources
are the channels and power allocated by a network to user equipment (UE) for
transmitting data to the base station. SC-FDMA is a modulation scheme that is efficient
for uplink transmissions because it has a low peak-to-average power ratio (PAPR), which
helps mobile devices conserve battery power. Resource allocation involves assigning
subcarriers (subchannels) to users, often in contiguous blocks, and controlling their
transmission power to maximize throughput and meet different quality-of-service (QoS)



https://www.google.com/search?q=peak-to-average+power+ratio&rlz=1C1CHBF_enIN1142IN1143&oq=Explain+the+Uplink+SC-FDMA+Radio+resources&gs_lcrp=EgZjaHJvbWUyBggAEEUYOTIHCAEQIRigATIHCAIQIRigAdIBCTE4MDBqMGoxNagCCLACAfEFZ0AhetdxtaM&sourceid=chrome&ie=UTF-8&mstk=AUtExfBpmQzntjs7EM_H-6bGDILViZlNEJOWv5iWrP-kvg2cUqaXuYWd46QmFzTDZsGE439Iq-S0rcUxm7kHZJEWJWe4J6T1HP-6nsC_eNFzsmZdd7OdGrtD8j1ZjXeVEaDjWSZCvqVWJ9H17-7XYY3_TJAFp5VstOUUZLUtV4AK2OlQGco&csui=3&ved=2ahUKEwjHuOOL_aCRAxWxqVYBHUlYIxUQgK4QegQIARAC

requirements.

Key aspects of SC-FDMA radio resources

Low PAPR: SC-FDMA is designed to have a lower PAPR than OFDM, which is crucial

for mobile devices with limited battery power. A lower PAPR allows the amplifier to

operate more efficiently, reducing power consumption.

Subcarrier allocation: The total radio resource is divided into subcarriers, which are

then allocated to different users.

Localized SC-FDMA: In this approach, a user is assigned a contiguous block of

subcarriers. This is the most common method for LTE uplink as it offers higher

throughput.

Distributed SC-FDMA: Here, a user's subcarriers are spread out over the entire signal

band. This is used less often as it can result in lower throughput.

Resource allocation and scheduling: The base station's scheduler allocates resources

based on various factors:

Channel conditions: The quality of the radio channel for each user.

User equipment (UE) capability: What the user's device can support.

Quality of Service (QoS): Different applications may have different requirements for

minimum throughput or other performance metrics.

Constraints:

® Exclusivity: A specific subchannel can only be allocated to a single user at a time to
avoid interference.

® Continuity: In localized SC-FDMA, the allocated subcarriers must be adjacent to each
other.

® Power control: In addition to subcarrier allocation, the network also controls the
transmission power of each user's device to optimize performance and manage
interference.

Explain in detail the Radio Interface Protocols in LTE.
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The radio protocol architecture for LTE can be separated into control plane architecture
and user plane architecture as shown below:
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At user plane side, the application creates data packets that are processed by protocols
such as TCP, UDP and IP, while in the control plane, the radio resource control (RRC)
protocol writes the signalling messages that are exchanged between the base station and
the mobile. In both cases, the information is processed by the packet data convergence
protocol (PDCP), the radio link control (RLC) protocol and the medium access control
(MAC) protocol, before being passed to the physical layer for transmission.

User Plane

The user plane protocol stack between the e-Node B and UE consists of the following
sub-layers:

m PDCP (Packet Data Convergence Protocol)
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m RLC (radio Link Control)
B Medium Access Control (MAC)

On the user plane, packets in the core network (EPC) are encapsulated in a specific EPC
protocol and tunneled between the P-GW and the eNodeB. Different tunneling protocols
are used depending on the interface. GPRS Tunneling Protocol (GTP) is used on the S1
interface between the eNodeB and S-GW and on the S5/S8 interface between the S-GW
and P-GW.
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Packets received by a layer are called Service Data Unit (SDU) while the packet output of
a layer is referred to by Protocol Data Unit (PDU) and IP packets at user plane flow from
top to bottom layers.

Control Plane

The control plane includes additionally the Radio Resource Control layer (RRC) which is
responsible for configuring the lower layers.

The Control Plane handles radio-specific functionality which depends on the state of the
user equipment which includes two states: idle or connected.

Mode Description

The user equipment camps on a cell after a cell selection or reselection
process where factors like radio link quality, cell status and radio access
Idle technology are considered. The UE also monitors a paging channel to
detect incoming calls and acquire system information. In this mode,
control plane protocols include cell selection and reselection procedures.

The UE supplies the E-UTRAN with downlink channel quality and
neighbour cell information to enable the E-UTRAN to select the most
suitable cell for the UE. In this case, control plane protocol includes the
Radio Link Control (RRC) protocol.

Connected

The protocol stack for the control plane between the UE and MME is shown below. The
grey region of the stack indicates the access stratum (AS) protocols. The lower layers

perform the same functions as for the user plane with the exception that there is no
header compression function for the control plane.
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