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Abstract—The Effective Exponential SNR Mapping (EESM)
is an indispensable tool for analyzing and simulating next
generation orthogonal frequency division multiplexing (OFDM)
based wireless systems. It converts the different gains of multiple
subchannels, over which a codeword is transmitted, into a single
effective flat-fading gain with the same codeword error rate.
It facilitates link adaptation by helping each user to compute
an accurate channel quality indicator (CQI), which is fed back
to the base station to enable downlink rate adaptation and
scheduling. However, the highly non-linear nature of EESM
makes a performance analysis of adaptation and scheduling
difficult; even the probability distribution of EESM is not known
in closed-form. This paper shows that EESM can be accurately
modeled as a lognormal random variable when the subchannel
gains are Rayleigh distributed. The model is also valid when
the subchannel gains are correlated in frequency or space. With
some simplifying assumptions, the paper then develops a novel
analysis of the performance of LTE’s two CQI feedback schemes
that use EESM to generate CQI. The comprehensive model and
analysis quantify the joint effect of several critical components
such as scheduler, multiple antenna mode, CQI feedback scheme,
and EESM-based feedback averaging on the overall system
throughput.

Index Terms—Effective exponential SNR mapping (EESM),
long term evolution (LTE), orthogonal frequency division mul-
tiplexing (OFDM), channel quality feedback, multiple antenna
diversity, frequency-domain scheduling, adaptive modulation and
coding, lognormal random variable.

I. INTRODUCTION

RTHOGONAL  frequency division multiplexing

(OFDM) is the downlink access technique of choice
in wideband wireless cellular standards such as Long Term
Evolution (LTE) [1] and IEEE 802.16e WiMAX. In an
OFDM downlink, the base station (BS) simultaneously serves
multiple users on orthogonal subcarriers. The scheduler at the
BS exploits the frequency-selective nature of the wideband
channel and multi-user diversity. By adapting the data rate,
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it also takes advantage of the time-varying nature of the
channel.

A key step in rate adaptation involves determining the
modulation and coding scheme (MCS). It is chosen in order
to maximize the data rate to the scheduled user subject to
a constraint on the probability of codeword error [2]. Since
a codeword is encoded across multiple, say N, subcarriers,
this determination would first require a characterization of the
codeword error rate as a function of the IV different subcarrier
gains. Thus, rate adaptation requires an N-dimensional look
up table, which is cumbersome to generate, store, and use.

This difficulty has motivated the widespread use of the
Effective Exponential Signal-to-noise-ratio (SNR) Mapping
(EESM). EESM maps the SNRs of the N subcarriers,
X1, Xo,..., XN, to a single effective SNR X as follows [3],

[41:!
1 ol X1
Xetr = —Aln <N26T>, ey

=1

where A\ is a parameter that is empirically calibrated as a
function of the MCS and packet length. The effective SNR
is interpreted as the SNR seen by the codeword as if it were
transmitted over a flat-fading channel. While the reduction of
N variables to a single variable is empirical and not infor-
mation lossless, several studies have shown that EESM is an
accurate indicator of the codeword error rate [4]. Thus, only a
single variable, X, needs to be dealt with for rate adaptation
and scheduling. EESM is also a critical component in OFDM
system-level simulators, which simulate the performance of
a cellular system that consists of multiple cells and BSs that
serve multiple users, and makes large system-level simulations
computationally feasible. Consequently, it was extensively
used during the LTE standardization deliberations [6].
Another important and different use of EESM, which mo-
tivates this paper, arises in the generation of channel quality
information by the user equipments (UEs). It is fed back by the
UEs via the uplink and is then used by the BS for frequency-
domain scheduling and for rate adaptation on the downlink.
Such feedback is needed because the uplink and downlink
channels are not reciprocal.” As a result, the BS does not

'Note that other functional forms for EESM have also been proposed,
e.g., [5]. We use (1) given its widespread use.

2The uplink and downlink channels are clearly not reciprocal in the
frequency division duplex (FDD) mode. Even in the time division duplex
(TDD) mode, they are not reciprocal due to asymmetry in interference and
transmit and receive radio circuitries.
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know a priori the channel gains of the subcarriers for any UE.

Since subcarrier-level feedback consumes considerable up-
link bandwidth, several feedback reduction techniques are
used in practice [7]-[9]. For example, in the subband-level
channel quality indicator (CQI) feedback scheme specified
in LTE, each UE feeds back only one 4-bit CQI for every
subband. A subband is defined to be a collection of ¢ > 2
physical resource blocks (PRBs), and each PRB consists of
12 contiguous subcarriers. While the frequency response of
the channel is typically flat across a 180 kHz wide PRB, it
is not flat across a subband, which can have a bandwidth as
large as 1 MHz. Therefore, the UE uses EESM to compute
the effective SNR for each subband and then determines the
appropriate MCS. When the channel is frequency-flat across
a PRB, the effective subband SNR is a function of ¢ SNR
values. The computed MCS is fed back to the frequency-
domain scheduler at the BS, which then assigns appropriate
UEs to different PRBs. In the UE selected subband feedback
scheme of LTE, which is described in detail below, the EESM
gets computed over an even larger number of PRB SNRs.

The performance of the CQI feedback schemes, therefore,
depends on the statistics of the effective SNR generated by
EESM. However, the non-linear nature of (1) makes an exact
analysis intractable. In fact, even the probability distribution
function (PDF) of EESM is not known in closed-form. While
expressions for its moment generating function (MGF) and
moments are available [10], they are quite involved. The
EESM was approximated by a Gaussian or a logarithm of
a Gaussian (log-Gaussian) random variable (RV) in [11];
however, its accuracy, as we shall see, is poor.3

One can, therefore, see that it is quite a challenge to
analyze the performance of next generation OFDM systems,
such as LTE, that use a spectrally efficient combination of
rate adaptation, multiple antenna techniques, and frequency-
domain scheduling, and employ EESM to generate CQI feed-
back. Consequently, most papers that deal with scheduling,
adaptation, or CQI feedback for the LTE downlink resort
to simulations [9], [12]-[14]. For example, in [13], contigu-
ous and distributed subcarrier allocations are compared by
simulations, and their effects on the throughput of greedy
and proportional fair (PF) schedulers is evaluated. In [9], the
performance of a PF scheduler was studied assuming that it
has access to PRB-level CQI feedback.

In [15], a scheme in which each user feeds back the indices
of a pre-specified number of subcarriers with the highest
gains and the BS uses BPSK modulation and a round-robin
scheduler to transmit, was analyzed. However, rate adaptation,
multiple antenna diversity, and channel-aware scheduling were
not modeled. The analysis in [16] quantified the performance
gains from MIMO and rate adaptation in a cellular system,
but did not consider OFDM. For a MIMO-OFDM system that
uses orthogonal space-frequency block codes, [17] analyzed
the performance of a greedy scheduler and used simulations to
study a PF scheduler. However, one-bit feedback without rate
adaptation was assumed. Neither the coarse frequency granu-

x

3In [11], the sum % Zf\;l e” 3 was approximated by lognormal and
Gaussian RVs. Since the effective SNR is the logarithm of this sum, we
shall instead refer to these as Gaussian and log-Gaussian approximations,
respectively.
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larity of feedback nor EESM-based CQI feedback generation
are considered by the above analysis papers.

A modified PF scheduler was proposed for a scheme similar
to the UE selected feedback scheme in [18]. However, EESM
was not considered and the analysis was limited to determin-
ing the fading-averaged probability that channel information
about a given number of clusters of subcarriers is fed back.
While [19]-[21] did model the coarseness, the arithmetic mean
(AM) of the subcarrier SNRs was used. The AM is less
accurate than the EESM [3], but entails a simpler and easier
analysis. While [11] did consider EESM, aspects such as
dynamic rate adaptation, scheduling, feedback, and multiple
antenna diversity were not analyzed. Altogether, the simple
cell planning model of [11] is quite different from ours.

A. Contributions of the Paper

Motivated by the goal of analyzing the CQI feedback
techniques of LTE, we propose the use of an analytically
tractable lognormal distribution to characterize the PDF of
the effective SNR. This is shown to be accurate when the
frequency-flat channel response across a PRB is a Rayleigh
RV and the channel responses of different PRBs are mutually
independent [8], [15], [22], [23]. It is also accurate when mul-
tiple antenna diversity techniques, which affect the statistics of
the SNR of each PRB, are employed. Furthermore, the model
is valid even in the presence of frequency-domain correlation
or spatial correlation. Note that the lognormal model has been
used earlier in the literature, for example, to approximate the
distribution of sums of lognormal or Suzuki RVs [24], [25].
However, to the best of our knowledge, this is the first time
that it has been successfully applied to model EESM.

The second major contribution of the paper is a novel and
comprehensive analysis of the throughput of LTE feedback
schemes that use EESM to generate CQI to enable scheduling
and rate adaptation at the BS. While we focus on the PF sched-
uler due to space constraints, the analysis can be generalized
to handle the greedy and round-robin schedulers, which trade-
off fairness and throughput differently. The paper analyzes
both the subband-level and the UE selected CQI feedback
schemes of LTE and accounts for its different multi-antenna
diversity modes. Another important aspect of this analysis
is its handling of the coarse frequency granularity of the
EESM-based CQI feedback, which can occasionally lead to an
incorrect choice of the MCS. This aspect is novel compared
to conventional rate adaptation and scheduling problems [2],
[17].

Altogether, the analysis quantifies, for the first time, the
joint effect of several critical components such as scheduler,
multiple antenna mode, CQI feedback scheme, and EESM-
based feedback averaging on the throughput of an OFDM
system that is as technologically rich and as practically rele-
vant as LTE. These components have hitherto been analyzed
in isolation in the literature. The analysis also enables an opti-
mization of the parameters associated with the CQI feedback
scheme. The proposed lognormal model for EESM plays a
crucial role in this analysis. Therefore, the lognormal model
is accurate, analytically tractable, and useful.

The paper is organized as follows. We first discuss the CQI
model of LTE in Sec. II. In Sec. III, the lognormal model
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for EESM is proposed and used to analyze the LTE CQI
feedback schemes. Numerical results and our conclusions fol-
low in Sec. IV and Sec. V, respectively. Several mathematical
derivations are relegated to the Appendix.

II. MODEL FOR EESM-BASED CQI FEEDBACK IN LTE

We now briefly describe relevant details of the LTE down-
link, such as its frame structure and its CQI feedback mecha-
nisms, and set up the system model and notation. We use the
following notation henceforth. The probability of an event A
is denoted by Pr(A). For an RV X, fx(.) denotes its PDF and
E [X] its mean. The conditional expectation of X given event
A is denoted by E [X|A], and Pr(B|A) denotes the conditional
probability of event B given A. For a set Z, |Z| shall denote
its cardinality. The set {x1, 22, ...,2;} is denoted by {z;};_;.

In LTE, each downlink frame is 10 ms long and consists
of ten subframes. Each subframe has a duration of 1 ms, and
consists of two 0.5 ms slots. Each slot contains seven OFDM
symbols. In the frequency domain, the system bandwidth, B,
is divided into several orthogonal subcarriers. Each subcarrier
has a bandwidth of 15 kHz. A set of twelve consecutive
subcarriers over the duration of one slot is called a Physical
Resource Block (PRB). Let Nprg denote the total number of
PRBs available over the system bandwidth. Let K denote the
number of UEs in a cell.

The BS is equipped with N, transmit antennas and each
UE has N, receive antennas. In LTE, both single-stream and
multiple-stream transmissions are possible. In a single-stream
transmission, diversity based multiple antenna techniques are
used to transmit one codeword of data. Multiple-stream trans-
mission refers to the use of spatial multiplexing techniques to
transmit two codewords of data simultaneously. In this paper,
we focus on single-stream transmission in order to avoid di-
gressing into design issues related to codebook-based transmit
precoding of LTE. We cover the following modes of operation:
single input single output (SISO) (Ny = N, = 1), single input
multiple output (SIMO) (Ny = 1 and N, > 2), closed-loop
and open-loop multiple input single output (MISO) (N, > 2
and N; = 1), and single-stream multiple input multiple output
(MIMO) (N; > 2 and N, > 2).

Since the PRB bandwidth is only 180 kHz, it is justifiable
to assume that the channel response is frequency-flat across
all the 12 subcarriers of the PRB.* Let h,, (I, j) denote the
channel gain from the j® transmit antenna of the BS to the [
receive antenna of the k™ UE for the n™ PRB. It is modeled
as a zero-mean circular symmetric complex Gaussian RV with
variance o7, which implies that its amplitude is Rayleigh
distributed. The variance depends upon shadowing and the
distance between the k™ UE and the BS. The SNR of the
n™ PRB of the k™ UE is denoted by 7, , and depends on
hni(1,7), 1 <1< Np, 1< j <N, and the multiple antenna
mode used.

A. Channel Quality Indicator (CQI) Feedback

The CQI is a 4-bit value that indicates an estimate of the
MCS that the UE can receive reliably from the BS. It is

4This assumption will not hold for highly dispersive channels with a delay
spread greater than 5 ps, which is close to the normal cyclic prefix duration
of an OFDM symbol in the LTE downlink.
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typically based on the measured received signal quality, which
can be estimated, for example, using the reference signals
transmitted by the BS. The number of MCSs is denoted by L
and equals 24 = 16. These are tabulated in [26, Tbl. 7.2.3-1].
The BS controls how often and when the UE feeds back CQI.
The finest possible frequency resolution for CQI reporting
is a subband, which consists of ¢ contiguous PRBs, where
2 < g < 8. The total number of subbands is S = [ Nprp/q],
where [.] denotes the ceil function.

Let r; denote the rate in bits/symbol achieved by the MCS
corresponding to the " CQI value. To simplify notation, the
subband that contains the n" PRB is denoted by s(n). PRBs
1,...,q shall belong to subband 1, PRBs ¢+ 1,...,2¢ shall
belong to subband 2, and so on.

B. CQI Feedback Generation

LTE specifies two different feedback schemes to facilitate
frequency-domain scheduling:’

o UE selected subband CQI feedback, in which the UE
reports the positions of M < S subbands that have the
highest CQIs and only a single CQI value that indicates
the channel quality that is averaged over all these M
subbands.

o Subband-level CQI feedback, in which the UE reports
the CQI for each of the S subbands.

Thus, the subband-level feedback scheme generates more
feedback. Both the schemes use EESM to generate the CQI
value(s) from the SNRs of the PRBs that constitute the sub-
bands. They are illustrated in Figure 1, and are described
mathematically below.

1) UE Selected Subband Feedback: The subband SNR,
7‘;“};, of the k™ UE for subband s is the effective SNR over
its constituent PRBs. It is computed using EESM as

1 Tk
sub s
Wh==Aln|{=- > e x|, 2
q nEPRB(s)

where PRB(s) denotes the set of PRBs in subband s.

Remark 1: The parameter A needs to be empirically fine-
tuned as a function of MCS and packet length [4]. However,
in order to ensure analytical tractability, the parameter \ is
taken to be the same for all rates. This has also been assumed
in [11] to handle different codeword sizes for QPSK for which
A is different.

The k™ UE then orders the subband SNRs of its S subbands
as vsa‘b’k > > W’Eljlvl}),k > . > 7?%%,1@’ where (1),
following standard order statistics notation, is the index of
the subband with the [™ largest SNR. It reports the set
T, = {(1),..., (M)}, which consists of the M subbands with
the highest CQIs. It also reports a single CQI, C?*™, which
can take one of 16 possible values. It is a function of the

5The standard also defines a third wideband feedback scheme, in which just
one CQI value is sent for the entire system bandwidth. We do not discuss
it as it not meant for frequency-domain scheduling. For both UE selected
feedback and subband-level feedback, LTE reduces the CQI overhead further,
while incurring a negligible performance loss, by using a 2-bit differential
CQI value for each subband. It also communicates one wideband CQI value
that is averaged over the whole system bandwidth.



DONTHI and MEHTA: AN ACCURATE MODEL FOR EESM AND ITS APPLICATION TO ANALYSIS OF CQI FEEDBACK SCHEMES AND SCHEDULING . ..

3439

System bandwidth

Subband 1 Subband 2

Subband 3 Subband 4

rep

Generate 4 CQIs for
subband-level feedback

Tk

Fig. 1.

Generate 1 CQI for UE selected feedback

An illustration of the UE selected subband feedback and subband-level CQI feedback schemes of LTE for the k" UE (S = 4, M = 2, and

q = 4). The checkmarks (v') illustrate subbands with the M highest effective SNRs whose CQI is reported in the UE selected subband feedback scheme.
The subband-level feedback scheme generates CQI for all the four subband SNRs. Each subband SNR itself is computed using EESM from the SNRs of the
q = 4 PRBs that constitute the subband. Also shown is 'y;ep, which is computed from 'yi“t,’c and 'yguz using EESM and is used by the UE selected subband

scheme to generate one CQI.

effective SNR ;" that is calculated using EESM over its M
selected subbands as follows:

1 _ vk
VP = —Aln M;e > . (3)
vEL

For example, in Figure 1, ¢ =4, M = 2, and Z;, = {1, 3}.

The CQI fed back is CEC“M =7y, if ’y,rfp € [T;-1,T;). Here,
To, T4, ...,T1—1,Tr, (where T, = oo) are the link adaptation
thresholds that ensure that a target block error rate is met
should the BS transmit over all its M best subbands [1],
[26]. For ease of explanation, we henceforth do not distinguish
between r; and its 4-bit CQI index i.

2) Subband-Level Feedback: Unlike the UE selected sub-
band scheme, here the k™ UE reports a separate CQI, 02?137
for every subband s. It is based on 72“,2 (which is given in (2)).
The CQI fed back is C’;“}C’ =y, if ’ygu}g € [T;-1,T;). As before,
C;“,E also takes one of 16 possible values. It can be different
for different subbands.

C. Frequency-Domain Scheduling

Based on the CQI reports from all the UEs, the scheduler in
the BS decides which PRB to allocate to which UE.® The BS
then signals on the downlink control channel the specific PRBs
that are allocated to different UEs [1, Sec. 9.3.3]. The sched-
uler is not specified in the standard and is implementation-
dependent. Due to space constraints, we focus on the PF
scheduler as it exploits multi-user diversity while also ensuring
fairness [27]-[29].

1) Using UE Selected Subband CQI Feedback: The BS
uses Zy and CP?*™ reported by all the K UEs to determine
which UE to assign to each PRB. Recall that s(n) denotes the
subband that contains PRB n. Let Z,,,) denote the subset of
UEs that have reported the subband s(n) as one of their best
M subbands. The PF scheduler [28] assigns the n™ PRB to
UE k*(n), where

CbeslM

L* _ k
(n) arg kénzasii) E I:CzeStM:I ’

“)

In LTE, a pair of PRBs that span a duration of 1 ms are assigned together.
For brevity, we refer to the pair as a PRB.

and E [C’Z“M] is the average rate reported by the ™ UE.
Thus, a PRB gets assigned to the UE whose CQI exceeds its
mean rate the most. This ensures fairness across UEs with
different mean rates.

Different versions of PF schedulers have been considered in
the literature. In practice, the moving window average is used
instead of E [C}*™] in the denominator of (4) [22], [29].
Our model accurately models window averaging for window
sizes as small as 50 [30]. In [31], the ratio of instantaneous
SNR to its time-averaged value is used instead. However, these
versions share similar characteristics such as allotting almost
the same amount of time to each user.

Outage: Since the CQI value corresponds to the effective
SNR for the best M subbands, the SNR of the n'" PRB may
be less than the lower threshold of the MCS being used for
the PRB. This causes an outage, and the throughput is 0 in
that subframe. Outage for the n™ PRB also occurs if Zg(n) 18
a null set since the PRB is then not allocated to any UE.’

2) Using Subband-Level CQI Feedback: The PF scheduler
uses C";”}z reported by all the UEs to allocate the PRBs in a
subband. PRB n, which lies in subband s(n), is assigned to
UE k*(n), where

Csub

max —k 5)

k*(n) = arg
1<k<K sub

E |:Cs(n),k:|
The BS then transmits data on PRB n to UE k*(n) at a rate
C’;‘(‘EL)’ ke ()" As before, if the SNR for a PRB is less than the

lower threshold of the MCS used for it, then the PRB is in
outage.

IITI. STATISTICAL MODEL FOR EESM AND ITS ROLE IN
LTE THROUGHPUT ANALYSIS

For both the CQI feedback schemes, we saw that EESM
plays a crucial role in the generation of CQI of a subband from
the SNRs of its constituent PRBs. An analytically tractable
statistical characterization of EESM is, therefore, essential in

"Making a UE feed back, in addition, the CQI averaged over the entire
system bandwidth can mitigate this outage further since it gives the BS partial
knowledge about the CSI of the PRBs.
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order to analyze the performance of the feedback schemes. To
this end, we first propose a new tractable statistical model for
EESM and verify its accuracy. We then apply it to analyze the
system throughput in Sec. III-C.

A. Statistical Model for EESM

As stated earlier, a closed-form expression for the PDF of
Xefr, which is computed from the PRB SNRs Xi,..., Xy
using (1), is not known because of the highly non-linear
nature of the EESM mapping. We propose modeling Xg
as a lognormal RV, which can be written as €%, where G
is a Gaussian RV with mean p and standard deviation Q.
Therefore, the PDF, fx_, (x), of X is approximated as

fx(@) L5 20
X\ L) = e 20 x > 0.
" Q27 ’

By matching the first two moments of X and €%, it can
be shown that

(6)

5= (E [Xa]) - 2. and )
|, (B - @)
e 1( (5 [Xua])? “)' ®

The two parameters p and €2 shall henceforth be referred
to as the lognormal parameters of Xy over its constituents
X1,...,Xn. The two moments E [Xcq] and E [XZ;], which
are required in (8), are computed using one of the following
two different methods.

1) Using Analytical Formulae: Expressions for the moment
generating function (MGF) and the moments of X for
correlated Nakagami-m fading are derived in [10]. However,
these expressions are quite involved. For example, an N-fold
summation, in which each summation is over a variable set
of limits, and a summation over N! permutation terms are
required in [10, (47), (48), (50), and (52)] to compute the first
two moments.

2) Using Monte Carlo Integration Methods: An attractive
alternative is the use of efficient Monte Carlo methods [32]
to compute the moments of X In it, several samples of
the subcarrier SNRs are generated and empirical moments
of X are computed to approximate the actual moments.
The accuracy of this method depends on the sample size,
W. Notably, the approximation error decreases as O(W~2),
and does not depend on N [32]. Such methods have been
put to good use in communication-theoretic literature, see,
for example, [33], [34]. We have found that a sample size of
W = 5000 is sufficient to compute the moments accurately
enough for our analysis. Note that these computations need to
be carried out only once in our analysis. Further, this approach
can be easily applied for any joint probability distribution of
the PRB SNRs.

B. Empirical Verification of Lognormal Model for EESM

We verify the model using two different methods. The first
method follows the convention used in lognormal approxima-
tion literature [24], [25]. It compares the cumulative distri-
bution function (CDF) and the complementary CDF (CCDF)
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10°

Simulation
O Lognormal
— + — Gaussian
10" k| — — — Log-Gaussian

PH(X 4 <X)

Fig. 2. Verification of the accuracy of the CDF generated by the proposed
lognormal model for EESM and comparison with other proposed distributions
(62=10dB, 7 =2, A =15, and N = 4).

0 L OOO+-OO-O-O-O-OO:
10 —O+O+0+0+O+OHOHO:

Simulation
O Lognormal
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<
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S 10|
)
T
10°
107
10°
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Fig. 3. Verification of the accuracy of the CCDF generated by lognormal

model for EESM and comparison with other proposed distributions (02 =
10dB, 7 =2, A= 1.5, and N = 4).

of the lognormal model for X with its empirical CDF and
CCDF, which are generated from 10° samples. Small values
of the CDF reveal the accuracy in tracking the probability of
smaller Xg values. Since all CDFs saturate to 1 for large X
values, the accuracy in tracking the probability distribution
of larger Xy values is revealed by studying the CCDF
instead. The comparison is done in Figures 2 and 3 when
the PRB SNRs are exponential RVs, i.e., squares of Rayleigh
RVs (which also are Chi-square RVs with 7 = 2). The
constituent SNRs are independent and identically distributed
(i.i.d.) exponential RVs with mean 10 dB. Also plotted are the
CDF and CCDF of the Gaussian and log-Gaussian models
of [11]. We notice that the lognormal approximation, while
not perfect, tracks both the CDF and CCDF of EESM well
and is significantly better than the Gaussian and log-Gaussian
approximations for both the CDF and the CCDF.

We have also compared the accuracy of the proposed model
with several other common probability distributions such as
Gamma, Chi-square, Weibull, and K [35], with moment
matching used to determine their parameters. These are not
shown in the figure to avoid clutter. In all comparisons, the
proposed model gives the best match for both CDF and CCDF.
The effect of increasing the number of constituent SNRs, N,
is investigated in Figure 4, which plots both the CDF and
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Simulation
Lognormal

CDF and CCDF of Xefi

Fig. 4. Effect of the number of constituent SNRs, NV, on the accuracy of the
proposed statistical model for EESM (o2 = 10 dB, 7 = 2, and A = 1.5).

TABLE I
KL DISTANCE FOR DIFFERENT DISTRIBUTIONS (02 = 10 DB, A = 1.5,
T=2,AND N =4)

Probability distribution | KL divergence
Lognormal 0.024
Chi-square 0.052

K-distribution 0.093
Gamma 0.214
Weibull 0.403
Gaussian 3.50 x 10°

Log-Gaussian 1.40 x 107

CCDF. We see that the lognormal model’s accuracy, in fact,
increases as N increases for both the CDF and the CCDFE.

The second method of comparison that quantifies the accu-
racy of the proposed model in a different manner is a mea-
surement of its Kullback-Leibler (KL) divergence [36] from
the empirically measured PDFE. The KL divergence is a useful
metric because it is zero if and only if the two distributions are
identical. It is always positive, and a smaller value indicates
a better match between the two distributions. The results are
shown in Table I. Also tabulated are the KL divergence values
for the above mentioned common distributions. We again see
that the proposed lognormal model is the best one among all.

Recall that the square of a Rayleigh RV is an exponential
RV, which is a Chi-square RV with 7 = 2 degrees of freedom.
We now consider a more general case where the constituent
SNRs are Chi-square RVs with 7 > 2 degrees of freedom,
whose PDF is given by

xz le”

@)
As we shall see, a larger 7 models the effect of diversity.
This can arise, for example, when multiple antenna techniques
are used. Figure 5 compares the lognormal CDF with the
empirical CDF of EESM for 7 = 2 and 8. The other
parameters are kept unchanged. Again, we observe that the
lognormal model characterizes the statistics of EESM well,
and is considerably better than the Gaussian and log-Gaussian
models. The CCDF match, which is not shown due to space
constraints, is even more accurate.

The results presented thus far assumed that the PRB SNRs
are uncorrelated. We now investigate the effect of correlation

(ML
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Fig. 5. Plot of the CDF of the lognormal model of EESM for different
degrees of freedom, 7, which correspond to different multiple antenna modes
(6% =10 dB).
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Fig. 6. Effect of frequency-domain correlation between PRBs on the accuracy
of proposed lognormal model for EESM (02 =10dB, 7 =4, A = 1.5, and
N =4).

across PRBs on the accuracy of the proposed model. Figure 6
plots the empirical CDF of EESM and the CDF from the pro-
posed lognormal model. Correlation between the m™ and n'"
PRBs is modeled using the following geometrically decaying
correlation model [12]:

E | iy 3B )]

_ |n—m]|
5 = .
Tk

f

Results are shown for a high correlation value of py = 0.7.
We again see that the proposed model tracks the empirical
CDF of EESM well. The corresponding CCDF curves are not
shown due to space constraints. We have also verified the
validity of the model when the channel gains are spatially
correlated or when a line-of-sight component is present. In
both these cases, the PRB SNRs are no longer Chi-square
RVs. The corresponding figures are again not shown due to
space constraints.

Comments: Based on the CDF and CCDF matching and the
KL divergence results, we find that the proposed lognormal
model for EESM is accurate for a wide range of SNRs,
number of constituent PRBs, and degrees of freedom (7). It
worth noting from Table I that even the Chi-square distribution
comes second to the proposed model in terms of accuracy.
This is an interesting observation because, at low SNRs, the
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EESM can be approximated by the arithmetic mean, which has
a Chi-square PDF when the PRB SNRs are i.i.d. Even when
the PRB SNRs are correlated, we find the lognormal model
is quite accurate even for correlations as high as py = 0.9.

C. Throughput Analysis of CQI Feedback Schemes

We now analyze the throughput of the UE selected subband
feedback and subband-level feedback schemes. While the
statistical model for EESM is a significant step forward in
enabling the analysis, the following additional assumptions are
made about the system model to make it analytically tractable
and yet capture the interactions between the different CQI
feedback techniques, EESM, scheduler, and multiple antenna
diversity. We note that several of these assumptions have also
been made in the related literature for analyzing relatively
simpler models, and that our results are novel and significant
even with these assumptions.

1) Assumptions: (1) The channel gains across different
PRBs are assumed to be i.i.d. This is a valid assumption
when the coherence bandwidth of the channel is close to the
180 kHz bandwidth of a PRB [1, Sec. 5.3.2]. This has also
been assumed, for example, in [7], [8], [15], [22], [23], [37] to
ensure analytical tractability. The channel gains are assumed
to be i.i.d. across different transmit-receive antenna pairs for
all UEs, which is the case when the antennas are spaced
sufficiently far apart in a rich scattering environment [14],
[16], [28]. This scenario has also been used in LTE per-
formance evaluations. Thus, the gains are i.i.d. across the
antenna indices [ and j and across the PRB index n. However,
they need not be identically distributed across the UEs since
of = E [|hnk(l,7)[?], which depends on the distance of the
UE from the BS and shadowing, depends on k. The channel
gain is assumed to remain constant over a 1 ms subframe and
the feedback delays are assumed to be insignificant, which
easily holds for UE speeds up to 30 kmph.

(i1) We assume that the scheduler can assign different MCSs
to different PRBs that are assigned to a UE. However, in
LTE, all the PRBs assigned to a UE use the same MCS. The
simulation results in [38] show that the throughput difference
between the two approaches is marginal.

(iii) To focus on CQI feedback, we assume ideal beamform-
ing weight feedback for closed-loop MISO and single-stream
MIMO. Clearly, no such assumption is required for SISO,
SIMO, and open-loop MISO. As shown in [39], quantization
of weights typically incurs a 10% loss in throughput for
N; = N; = 2 compared to ideal feedback.

Extension to a Multi-cell Scenario: With the assumptions
above, the analysis directly applies to a single cell scenario [8],
[15]-[17], [23], [28], [40]. In a multi-cell scenario, the
methodology can be extended by accounting for co-channel
interference through its fading-averaged power. However, this
extension does have its limitations since there are only six
dominant first-tier interfering cells in a multi-cell OFDM
system. A more sophisticated approach is pursued in [31],
[41] (and references therein), which analyze cell throughput
by conditioning on the fading experienced by co-channel
interference. However, their models cannot be generalized
to ours as they do not consider OFDM, frequency-domain
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scheduling, CQI feedback, and multiple antenna diversity.
While [11] also conditions on the fading experienced by the
co-channel interference signals and incorporates EESM, its
simple cell planning oriented analysis does not consider rate
adaptation, multiple antenna modes, and scheduling. Further,
it uses simulations to determine the statistics of signal-to-
interference-plus-noise-ratio (SINR).

2) Common Distribution for 7y, 1. The statistics of the SNR
of n™ PRB of k" UE, Yn,k» shall play a crucial role in the
analysis as the CQI depends on it. We first present a single
unified characterization of the PDF of +,, ;, for all the multiple
antenna diversity modes, and then use it to analyze all of them
together.

For SIMO (N; = 1, N; > 2), the receiver employs
maximal-ratio combining (MRC) [27, Chap. 3]. Hence, v, 1. =

| hnk(1,1)]? is the summation of N, i.i.d. exponential
RVs, which is nothing but a Chi-square RV with 7 = 2}V,
degrees of freedom and mean N,o;. Recall that h,, (1, ) are
ii.d. across the transmit and receive antenna indices [ and
j. Clearly, SISO is a special case of SIMO with N, = 1.
For closed-loop MISO, given the ideal beamforming weight
assumption, Yo,k = > [hn k(1 4)|? is a Chi-square RV
with 7 = 2N, degrees of freedom and mean thk since the
transmitter employs maximal ratio transmission (MRT) for
every PRB. For open-loop MISO (N; = 2, N; = 1), the
Alamouti code is used. Therefore, v, ;, is again a Ch1 square
RV with 7 = 2N; degrees of freedom and mean Nt— Thus,
for all the above multi-antenna diversity modes, we can write
Yk as [21]

Yok = aXs + 0, (10)

where X, is a standard Chi-square RV with 7 degrees of
freedom. The values of a for SISO SIMO closed -loop MISO,

% gk and 2+

and open-loop MISO are 2 » B

b = 0 for all these modes.
For single-stream MIMO (N; = N, = 2), 7, is the square
of the largest singular value of the matrix {hs (¢, j)}; ; and

its PDF is given as [42]

2
1 T 2z — 2 -z
fwn,k(x)zo_%<<a—z) —U—I%—F?)e k_U_/%e kx> 0.

Its first two moments are

E respectively, and

my £ E [y,5] = 3.507 and my £ E [y, ] = 15.50. (12)

While v, is not a Chi-square RV, we approximate it us-
ing (10) as aX; + b, where X, is a Chi-square RV with

= 8 degrees of freedom. Matching the first and second
moments of v, , in (10) with its moments m; and mo, we

get a = \Z/Tm%m? = 0.45107 and b = my — 74/ mQQ;Tm% =

—0.106073. Figure 7 compares the actual and the approximate
PDFs of v, and verifies that the model is accurate over a
wide range of values of +, ; for single-stream MIMO.

3) Throughput of UE Selected Subband Feedback Scheme:
The following two claims shall lead us to the final result for
the throughput in (17). An important issue that the analysis
handles is that while the CQI feedback has a coarse frequency
granularity of a subband (¢ PRBs) or even M subbands (Mq
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Fig. 7. Comparison of the actual PDF and approximate Chi-square PDF
(with 7 = 8) of v, . for single-stream MIMO (62 =10 dB).

PRBs), the BS schedules over a narrower PRB. This can
occasionally lead to an incorrect choice of the MCS.

Claim /: The probability that the k™ UE reports a CQI of
ri, for 1 <i <L, is

Pr(c}l;eslM _ Ti) _ PI‘(C}EeStM < Ti) _ PI‘(C}EeStM < Ti—l) ,

(13)
where
(lnz H(MQ))

o ey
(CbeslM < r ) ( )

T;
/BQ(JVI‘Z) \/ﬁ /

(S—M)
1 (q)
<1_2Q <T¢>> s ()
k
Here,
(5=M)
)

1 U
B 7 szé—w<
(15)

and {w;},_, and {a;},_, are the U Gauss-Hermite weights
and abscissas, respectively [43, Tbl. 25.10]. And, ;L(Mq) and
Q,(CMq) are the lognormal parameters, as per Sec. III-A, of the
EESM over the SNRs of Mg PRBs in any M subbands. An
example of these SNRs is {7, }2"9 - Similarly, ,(fq) and Q(q)
are the lognormal parameters of EESM over the SNRs of q
PRBs in any subband. An example of these SNRs is {v¢1 }j_,.
Proof: The derivation is relegated to Appendix A. [ ]
Claim 2: Let the k™ UE be selected (sel.) for the n™ PRB
and let r; be the CQI value that it reports. Then, the conditional
probability that v, ; is less than T;_1 is

\/§Q,(€MQ)041 + MI(CMq)
Q;‘I)

Pr(yne < Tio1|CP™™ = 1y, k is sel. for n™ PRB)

T _1—b
Sk S S )
771l 3

1 / ey e
Q In Ti,lfyl(ch) —Q In Tifyl(ch) ,% 2% (% — 1)'
QI(CIVIq) QECJW(I)

(T, Yt _y—b M1
Y BN A RLCC—— ) | S

Q;]VIq—l)

x |Q

3443

Moo Car(Ti, Y20 _y—b (Mq—1)

e A —e a —
In|—AIn| =4 Mg T —py 4

_ Q d

_ Y,
QI(ch 1)

where

-1 -3
Ce(x,y) = min {max {—)\ln (W) ,x} ,
q

y+ Aln(lq)}, fori=1,2,.... (16)

As used in Claim 1, u;Mq) and Q(Mq) are the lognormal
parameters of EESM over any M ¢ PRBs. And, ;L(Mq Y and
Q(Mq Y are the lognormal parameters of EESM over the
SNRS Vks V2,k0 -+ > YMq—1 k-
Proof: The proof is relegated to Appendix B. [ ]

Using the above results, the throughput of the PF scheduler,
which is defined in (4), is as follows.

Result 1: The average throughput, R,,, for PRB n is

S Pr S S B )

Zs(n) kEZs(n) i=1
X (1= Pr(vnp < Ti-1|CR™™ = r;, k is sel. for n™ PRB))

Rn = s(n)

X I Pr(cr™ <o) (17)
lE€EZ4(ny, l#£k
where ¢;; is the largest rate that is strictly less

bestM
ﬁn, Pr(Cb“M < Z) is given by Claim 1,
Pr(’ynvk <TZ,1|C’}3‘*“M =r;, k is sel. for n™ PRB) is given in
Claim 2, and
Pr(Zs(n)) _ (%) [Zs(m)] (1 _ %)K_lzs(")"

Proof: The proof is given in Appendix C. [ ]

The above throughput expression is in the form of a single
integral, which is numerically evaluated. This is a significant
simplification compared to either brute-force simulations or an
N-fold integral with a considerably more involved integrand
that would arise if the proposed lognormal model is not used
for EESM.

4) Throughput of Subband-Level Feedback Scheme: The
following claim shall lead us to the final expression for the
throughput in (20).

Claim 3: Let the k™ UE be selected for the n™™ PRB and
the CQI value reported by it be r;. The probability of an
outage, i.e., Yn.r < Tj—1, 1S

than

Pr('yn,k < Ti—1|C§1(lEL),k = r;, k is sel. for n PRB)

1 ¥ y%fl(g*%
Pr(C;L(";L)k—ri) —r 25 (5-1)!
741(Ti711y77b) _y—b
In [—Aln [ 2 A—— Y
X |Q
@1
QU
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_u=b
e —e a (g—1)
In|—Aln| 2 *q_l 2 — !
_Q Qéqil) di%
(18)
where
I (Ti—1) — i
b _ _ k
Pr(czl(l")vk B r’) - Q( Q@
k
lIl Tz — (q)
_Q<%>y (19)
Q

and (1(w,y) is defined in Claim 2. Here, ;L,(Cq) and Q,(gq), as
already used in Claim 1, are the lognormal parameters of
EESM over the SNRs of all the ¢ PRBs of a subband for the
k™ UE. And, uéq_l) and Q,(Cq_l) are the lognormal parameters
of EESM over the SNRs of any ¢ — 1 PRBs in a subband of
the k" UE, e.g., {’Yé,k}z;ll-
Proof: The proof is similar to that in Appendix B and is
omitted to conserve space. [ |
Result 2: The average throughput, R,,, for PRB n of the
subband-level CQI feedback scheme is

K L K
R, :ZZriPr(Cz‘(‘z)yk - n‘) 11 Pr(CZ‘(‘Z),z < ﬁm‘)

k=1i=1 1=1,1#k

%(1=Pr (k< Tia 38 o= i, K s sel. for ™ PRB)),
(20)

where ©;; is the largest rate among {ri,...,rp} that

E[Cn.1]

s(n).k
and Pr(7y,x < Ti—1|C§1(lEL),k =r;, k is sel. for n PRB) are
given in Claim 3.
Proof: The proof is relegated to Appendix D. [ |
As before, the final result is in the form of a single integral,
which is numerically evaluated.

than

is strictly less r;, and Pr(C:‘Ez) k:Ti)

IV. LTE THROUGHPUT RESULTS AND COMPARISONS

We now use Monte Carlo simulations that average over
50,000 samples to verify the analysis. We consider a single
cell with K =6 UEs in it and a BS at the center of the cell.
As discussed in Section II, the channel gains of the PRBs
for different transmit-receive antenna pairs for the k™ UE are
generated as independent zero-mean complex Gaussian RVs
with variance o7 . To model the non-i.i.d. channels seen by
different UEs, we set 07 = Aaf~1, 1 < k < K, where
o > 1. Effectively, the first UE sees the strongest channel (on
average) and UEs 2, ..., K see successively weaker channels
(on average).

The set of link adaptation thresholds are generated using
the coding gain loss model of [44]. They are related to the
rate as follows: 7; = log, (1 4 (T;_1). Here, ( is the coding
gain loss, and is set as ( = 0.398 as per [44]. A smaller value
of ( means a lower (tighter) bit error constraint. Note that our
analysis applies to any set of adaptation thresholds Tp, ..., TT.
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TABLE 11
LOGNORMAL PARAMETERS OF EESM (02 = 10 DB AND X\ = 1.5)

Degrees of freedom | Number of subcarriers | Lognormal parameters
T H®
3 1.35 0.40
9 1.26 0.30
11 1.16 0.09
12 1.16 0.08
3 2.26 0.27
4 4 2.19 0.22
11 1.96 1.11
12 1.94 0.10
3 3.19 0.14
] 4 3.09 0.14
11 2.87 0.08
12 2.25 0.08

The thresholds can alternately be chosen based on link-level
simulation results.

A subband consists of ¢ = 4 PRBs. The number of
subbands is S = 6, which corresponds to a cell bandwidth of
B = 5 MHz. In the UE selected subband feedback scheme,
each UE selects M = 3 out of S = 6 subbands. Unless
mentioned otherwise, p = 10 dB, o = 1.2, and A\ = 1.5. Since
we are using the lognormal model of EESM, the lognormal
parameters of EESM are computed once in the analysis. For
example, Table II enumerates these parameters for the 1% UE
for different 7. Since the throughput for SIMO and closed-
loop MISO are the same given o7, we show results only for
the former.

Figure 8 plots the average throughput as a function of K
for the UE selected subband scheme. This is done for SISO,
SIMO (N, = 2), open-loop MISO (/N; = 2), and single-stream
MIMO. The throughput decreases marginally once K exceeds
4. This is because the PF scheduler ensures fairness among the
UEs even though the additional UEs have lower average SNRs.
A similar effect is observed for the subband-level feedback
scheme. The throughput of single-stream MIMO, SIMO, and
open-loop MISO is 140%, 70%, and 10% more than SISO,
respectively. We see that the analysis and simulation results
differ by no more than 8%. The difference occurs because of
the lognormal approximation of EESM and the approximation
in Claim 1.

To compare the two CQI feedback schemes, Figure 9 plots
their average throughput (from analysis) for SISO, SIMO, and
single-stream MIMO. As the number of UEs increases, the
throughput of the UE selected subband scheme approaches
that of the subband-level feedback scheme for all the multiple
antenna modes despite its lower feedback overhead.

Figure 10 plots the throughput of UE selected subband
feedback (from analysis) for different values of M and ¢
for SISO. When M is small, the throughput increases as
M increases since the CQI is reported for more subbands.
However, for larger M, the throughput decreases since the UE
feeds back only one CQI value for all M subbands. Further,
for the same M, a larger ¢ always leads to a lower throughput
since the subband-level CQI is an average of more PRBs. We
see that for ¢ = 2, the optimum M is 2, while for ¢ = 4, the
optimum M is 3.
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V. CONCLUSIONS

EESM is an empirical tool that is widely used in the design,
analysis, and simulation of OFDM and OFDM systems. How-
ever, an analysis of systems that use EESM has been hampered
by the highly non-linear nature of EESM. Even a closed-
form probability distribution function for the effective SNR
is unknown. We developed an analytically tractable model
for EESM that empirically models it as a lognormal RV, and
showed that the model is accurate under a variety of scenarios.
We verified its accuracy when the PRBs channel gains are
uncorrelated or correlated, and in the presence of frequency-
domain correlation and spatial-domain correlation.

The lognormal model of EESM was then instrumental in
developing an accurate analysis for the throughput of the
UE selected subband CQI feedback and subband-level CQI
feedback schemes of LTE. In both these schemes, EESM is
used to determine the CQI, which is averaged over many
PRBs to reduce the feedback overhead. The analysis captured
the joint effect of multi-antenna diversity mode, scheduler,
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Fig. 10. Optimization of parameters of the UE selected subband feedback
scheme as a function of the number of PRBs in a subband, g. The bars
corresponding to the optimal values of M are encircled.

CQI feedback scheme, and CQI generation. The throughput
expressions were in the form of single integrals, which is a
significant advance compared to the brute-force simulations
that have typically been used to study this problem. It also
enabled the optimization of the CQI feedback scheme’s param-
eters.While the analysis does not obviate the need for detailed
system-level simulations, it provides a valuable, independent
and common theoretical reference to an LTE system designer.
It enables the designer to quickly optimize parameters, gain
intuition, and saves considerable simulation effort.

APPENDIX
A. Proof of Claim 1

From Sec. II-Bl, Pr(Cp*™ < r;) = Pr(y," <T;). To
evaluate this probability, we need the PDF of the EESM of
M ordered subband effective SNRs, which is analytically
intractable. We circumvent this problem by deriving an ap-
proximate expression that involves only a single integral as

follows [21]:

Pr(v,rfp < Tl) g Z Pr(’ylrfp <T;, I = {il, . ,ZM})
il,...7iju
@ <J€{)Pr(*y,r:p <TnTp={1,...,M}).
@2y
Here, (i) follows from the law of total probability. Since for
a given UE, the subband SNRs are i.i.d. and there are (S )

M
possible combinations of best M subbands, we get (ii).
Let A be the event Z, ={1, ..., M }. Then,

Pr(A)=Pr(a{1%i<s (M%) <min (119, %7%)) - (22)
From [10], we know that
1L
min (115, 90k) ST = Al | 7Y e
i=1
We then get
Pr(A) <P ) < 4P ) 2
r(A) < r(Mf}ég;S (%) < > (23)
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Thus, from (21),
PF(CZeStM S ’I"i)

S rep
S(M>Pr(Mfll<l<S(%k) T <T>

S _
- (M> REIOILIC D)
(25)

At the same time, we know that Pr(C}C’“tM < rL) =1,
since 77, is the highest rate. This motivates the following
approximation that, by design, is exact for ¢ = L. In it,
the upper bound in (25) is divided by a factor ()3, where
B is the probability that Cme = rr. Using the proposed
lognormal approximation (Sec II-A), we know that 7" =

,qub
—Aln (M Zi:1 e‘X), which is the EESM computed over
M q PRB SNRs, is a lognormal RV with parameters uéMq)
QM Similarly, Y3Py1.x is a lognormal RV with parameters

1\? and Q9. Therefore,
(o y?
NGO @\ \ 5-M)
1-Q — M dz.
Q(Q)
k
(26)

(24)

and

2(a{M)’
B = / ToMa) 5=
Q. "V2
Applying Gauss-Hermite quadrature [43] to (26) results in the
desired expression for .

B. Proof of Claim 2
For brevity, let

Vr = Pr(yn, <T—1|C2¥™ = 1y, k is sel. for n™ PRB) .
27)

Applying a method similar to the one used in Appendix A
results in a three-fold integral expression for v, that cannot
be simplified further. Hence, we develop a different method
below, which leads to a much simpler single-fold integral
expression.

From Baye’s rule and (4), we get

(I

P T CbestM_ X C}ms{M VZ k
T\ Yn,k <Li-1,Cp _T'“]E[C})estM] < [CbestM] 7

CbeslM

Pr (CZeStM =Ti, E[cbeslM} < [cbeslM] V l 7& k)

Since the CQIs fed back by different UEs are mutually
independent, the above expression simplifies to

Pr(fymk <T;_1, C’Ze“M = ri,)

Pr(CM =)
Further, C’b“tM = r; if and only if the EEbSM of the subband
SNRs in Zy, 7,7 = —Aln (ﬁ >ver, e_wfj:"”'), lies in between
T;_1 and T;. Hence,

A3
Pr (%Jc <Ti—1,Ti S—)\ln(ﬁ > vet, e_Xk> <Ti>

3
Pr(Ti_l < —Aln (ﬁ Sver, eT'k> < T,»)
(29)

(U

(28)

Y=
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Note that the set Zj, contains the subband s(n).
Without loss of generality, since the PRB SNRs and

the subband effective SNRs are iid., let n = 1,
s(1) = 1, and Zp, = {1,...,M}. Since (151:11) sets

of M subbands contain subband 1, the numerator of (29)

sub
v,k

is (]\‘5;[7_11)1)1‘ (’717k <T;_1,T; 1 S—Aln(% Zvel'k e X <
T;, I, = {1,..., M}). Similarly, the denominator of (29) is

S—l fuubk
(M_1>Pr<Ti_1§—)\ln< Ze x ><T,,

vETLy,

Ik_{l,...,M}>.

Substituting these in (29) and using Baye’s rule yields

Ty ={1,.... M} |mp<Ti—1,Ti-1 <
’vf)“_b,.
Pr —Aln <ﬁ ny{:l e~ Xk) <T;
Vr = T ={L,... M}|T_, <
P ’vf)“}’,.
r —Aln <%ZUM_16 Ak) <T;

1 M 7“’2;“,‘1-
Pr Y1,k <T;_1,T;_1 <-Aln szzle X <T;

sub
Pr(Ti_l < -Aln (% M e—"&"‘) < T,»)
(30)

We observe that the event Z, = {1,...,M} is weakly
dependent on the event 71, < T;_1. This is because the event
Y15 < Tj;—1 primarily affects the probability that subband
1 is selected. Further, M ¢ — 1 other PRBs also affect Zj.
Neglecting v1,,, < T;—1 in the numerator and simplifying gives

sub

Yo,k

A ><Tl>
sub :
’Yv,k

A ) < Tl>

sub

—Aln (ﬁ 21])/[:1 e~ gk ) =
Mgq Tu.k eiw_li

—Aln Mq D vmn€ » + S5p— |, which is the EESM of
Mg PRB SNRs, one of which is vy ;. Further, from (10),
Y1,k = aX; + b, where a, b, and 7 depend on the multiple
antenna mode. Upon writing the numerator of (31) in terms
of PDF of the Chi-square RV X, (given in (9)), we get

X

Pr(’Vl,k <T;_1,Ti—1 <—=Aln (% ZUM:1 e

(I
Pr(Ti_l < —Aln (% SM e

From (2) and (3), we have

Yk < Tim1, Tiy <

v,k

Pr Lo Ma-1 o Igk R S
—/\ln (M_q Z,U 1 P _|_e Mq <TZ

L )
7 leT32 —

NIz 11 Pr <CM< 1, )S
7 (5 -1)! a

Mqg—1 _y=b
[ S e B L) Ty d
Mq < Mq M\Liy Y Y,
where (p(-,-) is given in the claim statement. It
follows because, given that ~,, = y, the term
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.k -1 ]
—Aln (IV}q sz;wq1 o5t + eMg) must lie between
_y—b
~Aln <Mq—1w# and y;b + An(Mg).

Rearranging the terms and opening up the integrand in the
numerator, simplifies the numerator to

Yo,k
St e st ) <
Cur(Ti—1, 222
A

Mqg—1

~n( 57k

—Pr y=b dy.
Maqge™ —67% Yy

—Aln

The above two probabilities can be written in terms of the
. Y,k
Gaussian ()(.) function since —A In (Mq T ZMq Le—=57),

which is the effective SNR over Mq — 1 PRB SNRs, is
a lognormal RV with parameters ,u,(CMq_l) and Q,(qu_l).
Similarly, we use the lognormal model for EESM to simplify
the denominator of (31) as well. Combining these gives the

required result.

C. Proof of Result 1
Since the SNRs of different PRBs of a UE are i.i.d., the

probability that a UE selects the subband s(n) is 4-. Hence,
Pr(Zy,)) = (%)lZS(”)‘ (1- %)(Kf‘zs(")l). A rate r; is

achieved if the UE that is selected for the PRB fed back a

CQI value equal to 7; and there was no outage. The probability

that the k™ UE gets selected, given that it fed back the rate

rir is [liez,,, Pr(CP*™ < 9;;). This is because the k™ UE
I#k

is selected only if CP=™ < — G

total expectation then yields (17)

[ bestM

]n, for | # k.3 The law of

D. Proof of Result 2

A rate r; is achieved if the UE, say the kh UE, that
is selected for the PRB fed back a CQI value equal to r;
and there was no outage. This results in the expression for
the average throughput in (20), where the probability that

the k™ UE gets selected given that it fed back the rate r;
is T2y Pr(gC’;‘(‘EL)l < 19171‘)- This is because the k™ UE is
1#k
: sub [CS(n) l]
selected only if C' sl < [CZ“(bn) k] 4, for all | # k.
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occurs with zero probability in a random deployment of UEs.
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