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Modeling and Analysis of Differential CQI
Feedback in 4G/5G OFDM Cellular Systems

Vineeth Kumar

Abstract— Reduced feedback schemes are crucial in achieving
the high data rates expected of orthogonal frequency-division
multiplexing-based 4G and 5G cellular systems. They ensure that
the feedback overhead required for acquiring the channel-state
information to enable downlink scheduling and adaptive modula-
tion and coding at the base station (BS) does not overwhelm the
uplink. We present a novel modeling and analysis of the single-
user and multi-user throughputs of the differential feedback
scheme that is used in both 4G and 5G standards. In this feedback
scheme, a user feeds back a 4-bit wideband channel quality
indicator (CQI), which indicates the rate that the user can decode
if the BS was to transmit to it over the entire system bandwidth,
and a 2-bit differential CQI for each subband relative to it. Our
analysis incorporates co-channel interference, different single-
stream multi-antenna modes, and different schedulers, which
cover a wide range of the tradeoff between the throughput and
user fairness. It brings out several insights such as the increase
in the throughput as the correlation between subbands increases
and how differential feedback reduces the overhead significantly
while only marginally reducing the throughput.

Index Terms— Adaptive modulation and coding (AMC), dif-
ferential feedback, exponential effective SNR mapping (EESM),
orthogonal frequency division multiplexing (OFDM), scheduling.

I. INTRODUCTION

ONTEMPORARY cellular communication standards

such as 4G Long Term Evolution (LTE) use orthogonal
frequency division multiplexing (OFDM) in the downlink [2].
OFDM has also recently been adopted in the 5G new radio
standard, but with a more flexible numerology compared to
LTE [3]. In it, the system bandwidth is divided into several nar-
row bandwidth orthogonal subcarriers, which are aggregated
to form subchannels (SCs).

Frequency-domain scheduling, adaptive modulation and
coding (AMC), and multiple-input-multiple-output (MIMO)
are among the key techniques employed in such OFDM
systems to enhance the spectral efficiency [2]. In scheduling,
the base station (BS) determines which user to allocate to
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each SC. In AMC, the BS determines the modulation and cod-
ing scheme (MCS) to transmit for each SC. To enable these,
the BS ideally needs each user to feed back the channel state
information (CSI) for every SC. Such feedback is required
not only in frequency-division duplexing systems, but also in
time-division duplexing systems, due to imperfect calibration
of the transmit and receive radio frequency chains and due to
asymmetry in the uplink and downlink interferences.

Reduced feedback schemes are key to providing the BS with
the requisite CSI and ensuring that the feedback overhead does
not overwhelm the uplink. Several such schemes have been
proposed in the literature and adopted in standards [3], [4].
We summarize them below. We do not delve into feed-
back techniques for MIMO as their design principles are
different.

A. Reduced Feedback Schemes Used in OFDM Systems

Threshold-based, best-m, clustering-based, and differential
feedback are among the popular reduced feedback schemes
studied in OFDM systems [4]-[7]. In threshold-based feed-
back, each user feeds back a quantized value of the signal-to-
noise ratio (SNR) of each SC [4], [5]. In best-m feedback, each
user reports only the indices and the corresponding rates for m
SCs that can support the highest rates [6], [7]. In clustering-
based feedback, adjacent SCs are grouped into clusters and
feedback is sent only for each cluster [8]. Differential schemes
feed back, using fewer bits, only the difference between a
reference value and the quantity to be fed back.

Practical 4G LTE and 5G systems employ a combination
of the above schemes [2], [3]. In them, feedback is conveyed
by the channel quality indicator (CQI), which indicates the
MCS that can be decoded over a pre-specified transmission
bandwidth. Three feedback schemes are specified in LTE.
In wideband feedback, which is an example of clustering-based
feedback, a user reports just a single wideband CQI. It is the
highest-rate MCS that can be decoded if the entire system
bandwidth were allocated to that user. To support frequency-
domain scheduling, the following two schemes are instead
used; they feed back extra information to supplement the
wideband CQI. In UE-selected subband feedback, the indices
and an average CQI for the best-m subbands, where each
subband comprises several adjacent SCs, are sent. This is a
variant of best-m feedback. In higher layer-configured sub-
band (HLCS) feedback, for each subband, a 2-bit differential
CQI that encodes the difference between the wideband CQI
and the MCS that the user can decode on the subband is sent.
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In 5G, wideband feedback and HLCS feedback have been
specified thus far [3].

The throughput of wideband feedback is analyzed
in [9] and [10]. The throughput of UE-selected subband
feedback and a subband-level feedback scheme without differ-
ential feedback is analyzed in [11]. A medium access control
(MAC)-level throughput analysis is presented in [12], but
only for wideband feedback. The above papers also differ
in their channel and cell layout models. While [9] and [10]
consider the multi-cell scenario and model large-scale fad-
ing, [11] and [12] consider the single-cell scenario and do
not model large-scale fading.

B. Focus and Contributions

In this paper, we present a novel and systematic modeling
and analysis of the differential feedback-based HLCS feedback
scheme. Such an analysis is not available in the literature,
to the best of our knowledge. As we shall see, it requires the
development of several new approximation methods. It gives
valuable mathematical insights about the performance of a
feedback scheme that is an integral component of both 4G and
5G standards. It enables a system designer to independently
evaluate or verify the performance of the scheme over a
wide range of system parameter settings without resorting to
computationally intensive simulations.

We first derive an expression for the throughput of the
HLCS feedback scheme for a single-user scenario. This
incorporates the effect of both large-scale fading and small-
scale fading. We then generalize it to a multi-cell, multi-
user scenario for three different schedulers that provide vastly
different trade-offs between cell throughput and user-fairness.
We do so for the case when the subband fading gains
conditioned on the large-scale fading are independent and
identically distributed (i.i.d.), which is justified when the
coherence bandwidth of the channel is comparable to the
subband bandwidth. Our results apply to different single-
stream multi-antenna diversity modes such as single-input-
multiple-output (SIMO), multiple-input-single-output (MISO),
and single-stream MIMO. We also extend the analysis to
various multi-stream single user (SU)-MIMO, multi-user
(MU)-MIMO, and massive MIMO modes for the single-cell
scenario.

A key innovation in our approach is the modeling of
wideband CQI using the exponential effective SNR map-
ping (EESM) [13], [14] and an accurate analysis of the
joint statistics of EESM and differential CQI. EESM can be
interpreted as the equivalent SNR that a codeword sees if it
were transmitted over a flat-fading channel.!

We gain more insights by analyzing the following two
extreme scenarios: (i) Users feed back complete CSI to
the BS, for which we show that the throughput expression
simplifies considerably and holds for any correlation between
the subband fading gains, and (ii) Subband fading gains of the

'Other approaches based on using the median of the subband CQI val-
ues [15] and mutual information-based effective SNR mapping (MIESM) [16]
have been studied in the literature. However, the median-based approach does
not ensure that a codeword generated using the MCS given by it can be
decoded and the MIESM-based approach is analytically intractable.
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user are fully correlated, for which we show that differential
feedback achieves the same throughput as full CSI feedback,
but with significantly less overhead. This is a special property
of differential feedback and is not true, in general, for other
schemes.

Our analysis differs significantly from prior works on dif-
ferential CQI feedback, which have been simulation-based
and, thus, do not generalize easily [17], [18]. It differs
from [19], [20], and the references therein, which study dif-
ferential feedback in MIMO-OFDM systems but do not model
CQI feedback and discrete rate adaptation, which are an
integral part of the 4G and 5G standards. It is also very dif-
ferent from [11], which does not model differential feedback,
considers only a single-cell scenario, and models the statistics
of EESM and the SNR of single-stream MIMO differently.

C. Organization and Notation

This paper is organized as follows. Section II presents a
brief overview of the 4G LTE and 5G standards, and the
system model that they motivate. Section III analyzes the
average throughput of the single-user scenario. Section IV
extends the analysis to the multi-cell, multi-user scenario with
frequency-domain scheduling. Numerical results are presented
in Section V. Our conclusions follow in Section VI.

Notation: We denote the probability of an event A by Pr(A)
and the joint probability of events A and B by Pr(A, B). The
conditional probability of A given B is denoted by Pr(A | B).
The probability density function (PDF) and cumulative distrib-
ution function (CDF) of a random variable (RV) X are denoted
by fx(:) and Fx(-), respectively. We denote the expectation
with respect to an RV X by Ex|[], and the absolute value
by | - |. We denote the cardinality of a set V by #(V) and
its complement by V'. We denote the complex conjugate of a
complex number a by a*. We denote vectors and matrices
using boldface characters. For a matrix H, we denote its
(4,7)™ element by [H] ;; and its Hermitian transpose by H'.

II. PRELIMINARIES AND SYSTEM MODEL

A. Overview of LTE Frame Structure and CQI Feedback

We first summarize the essential features of the LTE down-
link, which motivates the system model that we describe
next and sets up our terminology. We also comment on its
commonalities with 5G. A downlink frame in LTE has a
duration of 10 ms and comprises 10 subframes. Each subframe
is of duration 1 ms and consists of two 0.5 ms slots. Each
slot consists of seven OFDM symbols in the normal cyclic
prefix (CP) mode. In the frequency domain, the system band-
width is divided into several subcarriers, each of which has
a bandwidth of 15 kHz. A physical resource block (PRB)
consists of a group of 12 adjacent subcarriers and has a
duration of one slot. 5G, in addition, supports a flexible
numerology in which the subcarrier spacing can vary from
15 kHz to 240 kHz. A slot comprises 14 OFDM symbols.
The frame duration is the same as in LTE, but the number of
slots in a frame varies [21].

CQI Feedback: The CQI is a 4-bit value that indicates an
estimate of the MCS that the user can reliably decode on
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the downlink. There are 2* = 16 CQIs, whose MCSs and
rates are tabulated in [2, Table 10.1]. The CQI is estimated
by the user from the signal quality measurements of the
reference signals it receives from the BS. The frequency of
CQI feedback is controlled by the BS. The finest possible
frequency resolution for CQI reporting is a subband, which
consists of ¢ adjacent PRBs, where 2 < ¢ < 8. This implies
that a codeword can be transmitted over a frequency-selective
channel even though only one MCS is reported for it.

Scheduling and AMC: Based on the coarser subband-level
CQI received from all the users, the implementation-specific
scheduler at the BS determines which user to allocate to
a PRB. It makes these decisions at most once in every
millisecond, and conveys it to the users on the downlink
control channel.

In AMC, the BS determines the transmit rate to the sched-
uled user on each PRB by mapping the received CQI to
an MCS, which consists of a modulation scheme and a code
rate. The MCS chosen and the user scheduled, thus, depend
on the channel conditions. LTE supports QPSK, 16QAM, and
64QAM and the code rate varies from 0.08 to 0.93. 5G also
supports 256QAM. To reduce the control signaling overhead,
the same MCS is used for transmission on all the PRBs
allocated to a user in a subframe, which consists of two slots.

In this paper, we focus on single-stream transmission, which
encompasses single-input-single-output (SISO), SIMO, MISO,
and single-stream MIMO. This enables us to characterize the
impact of CQI feedback on the throughput. The design and
throughput analysis of codebook-based precoding for multi-
stream transmission is different, and is an open problem.

B. System Model for a Single-User Scenario With
Small-Scale and Large-Scale Fading

We first study a point-to-point transmission in the OFDM
downlink between a BS that has NV; transmit antennas and
a single user that has N, receive antennas. This brings out
the key ideas using notation that is considerably simpler than
that for the multi-cell scenario, which we consider next in
Section IV. Our model below captures several practically
important — but not all — aspects of the system described
above, and is tractable and insightful. The system bandwidth
is divided into Nprp orthogonal PRBs. Groups of ¢ adjacent
PRBs form subbands. Hence, the total number of subbands is
Nsg = [Nprp/q], where [-] denotes the ceiling function.

1) Channel Model: In the channel between the user and
the BS, signals experience frequency-selective small-scale
fading, which follows the Rayleigh distribution, and also
undergo path-loss and shadowing, which have been referred to
as large-scale fading in [22]. Shadowing follows the lognormal
distribution. They are modeled as follows.

Small-Scale Fading: The complex downlink baseband fad-
ing gain H, (i,j) of subband n of the user between the i
receive antenna of the user and the j transmit antenna of
the BS is a circularly-symmetric complex Gaussian RV with
zero mean and unit variance. For tractability, we assume that
it remains constant over a subband. This is justified when
the bandwidth of a subband, which ranges from 360 kHz to
1.4 MHz in LTE, is comparable to the coherence bandwidth of
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the channel. For instance, for the typical urban (TU) channel,
the coherence bandwidth is 530 kHz [23, Ch. 3]. The fading
gains between the different transmit antennas of the BS and the
different receive antennas of the user are i.i.d. [23, Ch. 2]. The
subband fading power gains |H,, (i, ) |?, for 1 < n < Ngg,
are statistically identical, which follows from the uncorrelated
scatterers assumption [23, Ch. 2].

Large-Scale Fading: w denotes the lognormal RV that
models the large-scale fading; it is the same for all
subbands [10], [22]. In dB scale, it is a Gaussian RV with
mean () = —das(zo) — 10nlog(z/xo) and standard
deviation og,,q, Where x is the distance between the user and
the BS, dqp(z0) is the path-loss at a reference distance xg
from the BS, and 7 is the path-loss exponent [23, Ch. 1].

2) SNRs for Different Single-Stream Multi-Antenna Modes:
The instantaneous SNR ~,, of subband n for SIMO (N, > 1
and N; = 1) with maximal ratio combining (MRC), MISO
(N, = 1 and N; > 1) with maximal ratio transmission (MRT),
and single-stream MIMO (V. > 2 and N, > 2) with singular
value decomposition-based MIMO beamforming [24], is [10]

- PTW(bn
=
where Pr is the transmit power of the BS per subband,
Py is the additive white Gaussian noise (AWGN) power
per subband, and ¢, depends on the multi-antenna mode.
For SIMO ¢,, = Z;\;l H, (j,1)|° is a gamma RV with
PDF fy, (v) = v¢le=x /(T (d) A?), for v > 0, where T ()
is the gamma function [25, (8.310)]. The PDF has a shape
parameter d = N, and a scale parameter A = 1 [24].
Similarly, for MISO, ¢, = Zivz‘l |H, (1,i)|° is a gamma
RV with d = N; and A = 1. For single-stream MIMO,
¢, can be accurately approximated as a gamma RV with
d = N¢N, and A = ((N; + N,.)/(N¢N, +1))? [24].2 In all
cases, {1 = (Pp/Pn)w is a lognormal RV with dB scale
parameters po = p,(z) + {log (Pr/Pn) and 0q = Oshads
where £ = 10/1og(10).

3) MCS Set for AMC: The BS has available to it an MCS
set M ={1,2,..., M} of MCSs to choose from. MCS m has
a rate r,,, and a decoding threshold 7},,. The user can decode
MCS m on subband n only if v, > T,,. Else, an outage
occurs [9], [26]. Let 1 < 1o < -+ < rpyand 1) < Th <
<o < Ty < Thypg1, where 11 =0, 77 =0, and Thy41 = o0.

4) Feedback: We now describe the HLCS feedback scheme
and also contrast it with full CSI feedback, in which a user
feeds back as CQI the highest-rate MCS that it can decode on
each subband.

Full CSI Feedback: This is a threshold-based feedback
scheme, in which the CQI fed back for subband n is m if
T < vn < Tp41. Given this CQI, the BS transmits with
MCS S’n = m on subband n [26]. This scheme requires
B = log,(M) bits per subband for feedback, which results

Tn = Q¢n7 (1)

2For supporting MISO and single-stream MIMO, a precoding matrix indi-
cator (PMI) and a rank indicator (RI) are fed back additionally in LTE and
5G [2, Ch. 11], [3]. To ensure tractability and to focus on the impact of
differential CQI on the system throughput, we assume that this feedback
resolution is sufficiently fine so that the actual SNR is close to the ideal SNR
derived above. Our results, thus, provide an upper limit for MIMO systems
with coarse PMI feedback.
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TABLE I
IMPORTANT VARIABLES AND SYSTEM PARAMETERS

Subbands ‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘
Parameters | Definitions
m "2 T s Nsp Number of subbands
W N¢, N, Number of transmit and receive antennas
| | | | Pr Transmit power of the BS per subband
Wideband CQI ‘ : : W : : ‘ Py AWGN power per subband
I I I I M Number of MCSs
: ‘ ‘ : Tms T Rate and decoding threshold for MCS m
| | | | Y, €M) SNR of subband n, effective SNR for MCS m
\J \} Q, dn Large-scale fading and small-scale fading on subband n
. . d, A Shape and scale parameters of gamma RV
Differential CQI ‘ D ‘ Dy ‘ Ds ‘ Dy ‘ ne, oQ Mean and standard deviation of
. . . . . . Sny Sn Subband MCS and transmit MCS for subband n
Fig. 1. Illustration of generation of wideband CQI and differential CQI offset W. D, Wideband MCS and differential CQI offset for subband 72
values for the user for Nsg = 4 subbands. 2 - -
x, To Distance between BS and user, reference distance
0as(zo), n | Path-loss at o, path-loss exponent

in an overhead of NggB bits per user. In LTE and 5G, M is
set as 16 [2, Table 10.1], [3]. While one CQI table is specified
in LTE, three CQI tables are specified in 5G; the BS selects
one among them [3].

HLCS Feedback: 1n it, the user determines a wideband CQI
W assuming that the entire system bandwidth is allocated to it.
For each subband n, it also determines the subband CQI S,,,
assuming that the subband is allocated to it. The user then
generates a subband differential CQI offset value D,, using
W and S,,. This is illustrated in Fig. 1. The details are as
follows:

Step 1) Wideband CQI Generation: The MCS W corre-
sponding to this wideband CQI must be such that a code-
word transmitted using it over the entire system bandwidth
can be decoded by the user. Since different subbands see
different SNRs, the MCS to feed back is not obvious at first
sight.

To do this systematically, we use EESM, whose accuracy
has been extensively validated in [9], [13], and [14]. It maps
a vector of Ngg subband SNRs v = (71,...,7nNg,) seen by
different parts of the codeword into a single effective SNR
C(m) for MCS m as follows [13]:

Nsp
1
(m) _ _ o - E ex (_ﬁ) , form >2, (2)
¢ Bm g (NSB P p B =

where [3,, is an MCS-dependent scaling constant [13]. Here,
¢™) is interpreted to be the equivalent SNR for MCS m in a
frequency-flat AWGN channel that results in the same prob-
ability of error as that when transmitting over the frequency-
selective channel. Consequently, the wideband MCS W is
chosen as the highest-rate MCS for which ¢ (m) > T,,. Thus,

W = m, if and only if¢™ > T, ¢"tD < T, 14,
(M) < Ty for 2 <m < M. (3)
Else, W = 1, which corresponds to the rate 1 = 0

(no transmission).

Step 2) Differential CQI Generation: Let S,, € M denote
the subband MCS, which is the index of the highest-rate MCS
that the user can decode on subband n. Clearly, S, = m
if T, < v, < Tyy1. In both LTE and 5G, it is encoded
differentially with respect to IV to generate the 2-bit subband

differential CQI offset D,, as follows [2, Ch. 10], [3]:

_15 SH_WS_la
D, — 0, S,—-WwW=0, @)
1, S,—W=1,

2, S,—W>2.

The vector D = (Dy, ..., Dyy,) of differential CQI offsets,
which requires 2Ngp bits, and W, which requires 4 bits, are
then fed back to the BS. Given D,, and W, the BS transmits
with MCS S’n on subband n, where

We shall generalize this system model and notation to the
multi-cell, multi-user scenario in Section IV. It can also be
easily generalized to allow for less or more than 2 bits of
differential feedback. We summarize the important variables
and system parameters described above in Table I.

III. SINGLE-USER SCENARIO: AVERAGE
THROUGHPUT ANALYSIS

For the single-user scenario, using the law of total expecta-
tion, the fading-averaged throughput R,, on subband n of the
differential feedback scheme is given by

M
Rn = Z Tm Pr (gn =M,V > Tm) > (6)
m=2

since 1, bits/symbol is achieved only if the BS transmits with
MCS m (S,, = m) and the codeword is decoded by the user
(yn > T),). The summation in (6) begins at m = 2 and not
m = 1 since r; = 0. From (4) and (5), S, is m when one
among the following four mutually exclusive events occurs:
OW=m+1,5, <m; () W=m,S, =m; (iii) W =
m— 1,5, =m;or (iv) W =m — 2,5, > m. Therefore,

Pr(S, = m, v > Tn) = Pr(W = m+1, 8, <m, 3 >Thn)
APr(W =m, Sp = m, v > Tm)
Pr(W=m-1,5, =my>Tn)
Pr(W=m-2,5,>my>Ty).
@)
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For 1 <m <2, W can become zero or negative in one or
more events in (7). For m = M, W can become M +1. We set
the probabilities of such events to 0 in (7). The computation of
each term in (7) involves the following three key steps, which
are explained in detail below: (i) Reducing the dimension of
the multi-variate PDFs involved using tight approximations;
(i) Developing a general integral form for computing the
probabilities involving these reduced-dimension PDFs; and
(iii) Using recent results about the statistics of EESM to
evaluate this integral.

A. Reducing the Dimension of the Multi-Variate PDF's
We focus on the first term in (7) below for 3 < m < M —1.
From (3), it follows that
PI‘(W =m+ 17Sn <m,vn = Tm)
= Pr(¢™ Y > Tpyh, ¢ D < Tpig, L (D)
< T, T, <Yn <Tm+1)- (8)

The RVs ¢ ¢ . ¢M) are correlated since they are
all functions of the same set of RVs 7q,...,yng. Thus,
computing (8) requires an (M — m)-dimensional joint PDF
of the RVs ¢+ ¢(M) However, no expression is
known for it. An exact closed-form expression is not available
even for the marginal PDF of ¢(™) due to its involved form.

To solve this problem, we use the following intuition.
If MCS m+2 cannot be decoded by the user, then it it is highly
unlikely that a higher rate MCS can be decoded.® Therefore,

Pr (C(m—H) > Tg1, (2 < T,
(O < Ty, Ty < 0 < T
~ Pr (C(mﬂ) > Trnp1, (") < T,
Tin < < Timt1) - ©)

Using the law of total probability, we then have

Pr (C(erl) > Tm+17 C(m+2) < Tm+27 T < < Tm+1)
= Pr(c(m—i_l) > Tm+1; T < < Tm+1)

—Pr (D = Ty, (D) = T,

Ty < < Tm—i—l) . (10)

The above reasoning also implies that if MCS m + 2 can be
decoded, then it is highly likely that the lower rate MCS m+1
can also be decoded. Therefore, (10) simplifies to

Pr (C(m—i_l) 2 Terlv C(m/+2) < Tm+27Tm S Tn < Terl)
~ PT(C(mH) 2 Tnt1, T < n < Tm+1)

—Pr(C ) = Ty Ty €9 < T ) - (1D

3While this is trivially true for a flat-fading channel, this is not the case for
a frequency-selective channel due to the non-linear form of EESM [10].
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Similarly, the second, third, and fourth probability terms
in (7) simplify as follows:

PI'(W =m, Sn = MmM,Yn 2 TWL)
~ Pr(c(m) 2 TmaTm é Tn < Terl)

—Pr(¢U ) 2 D1 T €90 < Do), (12)
Pr(W =m—1,5, =m,v, > Tn)
~ PI‘((:(m_l) Z Tm—lva S Yn < Tm-{-l)
Pr(¢ = T T <90 < Ta) . (13)
Pr(W =m—2,5,>m,v, > Tn)
~ Pr(c(m_Q) > T’m72vﬁyn > Tm)
—Pr((" ) > Ty > T ) (14)

Combining (11)—(14) yields the following much simpler
expression for (7):

Pr(gn =M,V > Tm) ~ Pr(c(m—Q) > Tm—2,7n = Tm)
_Pr(c(m_l) Z Tmfla Yn 2 Terl)
—Pr (C(erz) 2 Tm+27 Tn 2 Tm)

+Pr (C(erz) 2 Tm+27 Yn 2 Terl) .
(15)

The corresponding expressions for Pr(S‘ =m,Yn > Tm) for
the special cases of m =2 and m = M are

Pr(S‘n =2, 2 Tz) ~Pr(Ty < v, <Tj)
(¢ > Ty 9, > T)
+Pr ((0 > Ty > T3,

and

Pr<§n = M,~, > TM) ~ Pr(C(Md) >Thv-2," = TM) .

B. General Integral Form for the Probabilities

Each term in (15) is of the general form Pr(g(l) > 1T,
Yn > t), wherel € {m—2,m—1,m+2}and ¢t € {T),, Tpn+1}-
It can be written in terms of the PDF f, (-) of 7, as

Pr(C(” > Ty, > t)
:/ Pr(C(l) > Tilyn = v) fry () dv. (16)
t
As defined in (1), v, = Q¢y,, where Q is a lognormal

RV and ¢,, is a gamma RV whose parameters depend on the
multi-antenna mode used. Its PDF is

fvn ( EQ f%

~ [t

|Q =u)],

o (2)

a7)
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Substituting (17) and the lognormal PDF of €2 in (16), we get

Pr(¢) > Tiv > 1)

o0 log(u)—p 2
= f / ie (6 %ﬁf’sz Q)
V2moq u?
></ fon ( )Pr(c(l)>Tl|'yn—v Q—u) dv du.
t
(18)
Using the variable substitution y = (£ log(u) — pa) / (v200)
and expanding (V) as per (2) yields
1 [® eV [® v
Pr(¢ct =T,y > t) = —/ - | fon (—)
" \/7_T —00 Ay t ¢ Ay
Nsg e d)Jﬁ/;y
xPr | —p 1o
i log jz:; Neg
> Ti | = 0,2 = u) dvdy,
(19)
where
Ay — e(ﬁaszy-ﬂisz)/ﬁ. (20)

Notice that (19) is of the form

h(y) = Aiy/too fsn (A%)

Ngg ity

By
xPr |—0; log ZGN—] ZTl"yn:v,Q:u dv.
SB

ﬁ 1= e~V h(y) dy, where

=
21
Applying Gauss-Hermite quadrature, (19) simplifies to
Nen
Pr(¢0 > Ty 2 1) ZwGH (v). ()

where wgn(é) and y;, for 1 < i < Ngp, are the weights
and abscissas, respectively [27, (25.4.46)]. Substituting the
expression for h(y;) from (21) in (22) yields

Pr(¢h = Ty > 1) 2 Z wan(i /oo fou (AL)
t Yi

Nsp 677%[;\’1/1
xPr | =g lo ZTI‘ =0v,Q=u| dv.
g ; Nsg In
(23)
We now compute the expression for

#hy;
Pr(—ﬂllog <NLSB ZjVSBl e ) > T "Yn =0,Q=u).
Upon removing the log, rearranging terms, and using the fact
that ¢; is independent of ¢, for j # n, we get

N ,‘%;ya‘,
l
Pr| —filog | S GNSB > T =0, 2= u
j=1
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T .y
where  (v;1) = (Nsp,eff_ll —e? )/(Nsg — 1) and

1 Nsp _ Ay
X (1) = —— By 25
1(7) Nep 1 j_lzj:#n e A (25)

C. Exploiting EESM Statistics

From (2) and (25), we see that the RV —(;log (X;(i)) is
related to the effective SNR of MCS [ over (Ngg—1) subbands.
Recent results on EESM statistics in [9] show that X;(¢) can
also be well approximated as a Beta RV.* This is different
from [11], which models ¢V as a lognormal RV. Hence,

Fx, (2 (031)) = Bl (v;1) ; ai(2), bu()), for 2 (v;1) € [0, 1],
(26)
fo( vil) jap(i)— 1(1 Z)bl(') 1

where Bl (v:1):ar(i), bi(i)) = =il 0l
is the regularized incomplete Beta functlon [25, (8.392)].
In terms of the mean (i) and variance wv;(i) of X;(i),
the parameters a;(¢) and b;(7) obtained from [27, (26.1.33)]
are

) (i) = (@) = wi(0)

a(i) = o) : (27)
= @) i) = @) =)
bi(i) = o (28)

Furthermore, from (25), it can be easily shown that j;(¢) and
v;(7) can be written as

(i) = (1+ Ay A8~ (29)

. 1 “1\—d .
i) = 5o (20,0877 = (u(0)?) . G0
Substituting (29) and (30) in (27) and (28) yields the expres-
sions for a;(i) and b;(i). We shall test its accuracy in

Section V.
Substituting the expression for the Beta CDF from (26)

in (23) yields
N, .
~ L\~ won(d) /°° (L)
ﬁ; AyL t f¢n AyL
(i), bu(é)) dv. (31)

xB(xz(v;l); a
As shown in Appendix A, this can be evaluated as a finite
series as follows:

Pr(C(” > Ty > t)
NGu

\/—Z'LUGH
S ) B

i1 =0 io=1

x B (J) (/\QGL(il, ZQ)Ay7 + 1 Z) ; al(i), bl(Z)) ,

Pr(¢0 > Ty > 1)

—t
Ay A

(32)

Ay, ¢4
4The Beta approximation for X; (i) is based on the fact that e ©1  has
a finite and positive support of (0, 1]. When N such i.i.d. RVs with finite and
positive support are added, the central limit approximation of Papoulis states
that the sum is well approximated by a Beta RV even for small NV [28].
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where wgL(.,.) and OgL(.,.), for 1 < is < Ngp, are the
weights and the corresponding abscissas, respectively, of gen-
eralized Gauss-Laguerre quadrature [29]. Recall that d and
A depend on the multi-antenna mode used. In (32), we have
found that just Ngg = 10 and Ngp. = 8 terms are sufficient for
ensuring numerical accuracy for the entire range of parameters
of interest.

Evaluating (31) for all values of [ and ¢ that arise in (15) and
combining them yields Pr (S’n =m,y, > Tm). Thereafter,

substituting it in (6) yields the final expression for R,,. This
is not shown due to its length and as it provides no additional
insight.

D. Two Insightful Extreme Cases

To benchmark the performance of the differential feedback
scheme and gain insights, we now analyze two extreme cases:
(i) User feeds back full CSI to the BS and (ii) Differential
feedback with fully correlated subbands, which occurs when
the subband bandwidth is much less than the coherence
bandwidth, as is the case, for example, in rural environments.

1) Full CSI Feedback With Arbitrary Subband Correlation:

Result /: With full CSI feedback, the fading-averaged
throughput R,, on subband n is given by

B 1 M Nan '
R, = W mz: T'm <; wen (1)

=2

Tm, Tm,+1
P@se) oGl o

where U (-, ) denotes the upper incomplete gamma function
[27, (6.5.3)].
Proof: The proof is given in Appendix B. [ ]

Equation (33) brings out the dependence of R,, on the MCS
set through the parameters r,, and T),, on the multi-antenna
mode used through the parameters d and ), and on large-scale
fading through A,,.

2) Differential Feedback With Fully Correlated Subbands:
In this case, for every channel realization, all subband SNRs
of the user, which are statistically identical, take the same
value with probability 1 [30], [31, Ch. 7]. Therefore, it follows
from (2) that

(M = = =Ny, forl<m < M. (34)

Substituting (34) in (5) yields W = §S,, and D,, = 0.
Hence, S’n = S,,. Therefore, the expression for the fading-
averaged throughput is the same as that in (33) for full CSI
feedback. Note that (33) applies to any correlation between
the subband SNRs. Also, full CSI feedback yields the highest
throughput among all feedback schemes. Therefore, differ-
ential feedback achieves the highest throughput when the
subband SNRs are fully correlated.

IV. MULTI-CELL, MULTI-USER SCENARIO WITH
FREQUENCY-DOMAIN SCHEDULING

In the multi-cell, multi-user scenario with co-channel inter-
ference, the BS serves K users in a cell. The frequency-domain
scheduler at the BS schedules a user in each subband based on
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the differential and wideband CQIs fed back by the users. This
is done once in every scheduling interval, which is of the order
of one millisecond. We shall refer to cell 0 as the reference
cell. It receives co-channel interference from C' neighboring
cells.

In order to track the user as well as the BS indices,
we expand the notation as follows. Let H,(Cl,)l denote an
N, x N; matrix, whose (i,)" element H,iQ (i,4) denotes
the complex downlink baseband fading gain on subband n
of user k between receive antenna ¢ of the user and transmit
antenna j of BS [, where 0 < [ < (. Each element
is a circularly-symmetric complex Gaussian RV with unit
variance. As before, ,ilyz (i,4) for different 4, j, k, n, and [
are independent RVs since the users are spaced sufficiently
far apart [10], [23]. The large-scale fading of the channel
between user k£ and BS [ is now denoted by wyy. In dB scale,
wik 1s a Gaussian RV with mean p,, (x1x) = —dag(x0) —
10nlog(zix /xo) and standard deviation ogn,g, where xyy is
the distance between BS [ and user k, and the parameters
dag(xo) and 7 are defined in Section II-B.1. The presence
of co-channel interference makes the modeling of the resul-
tant signal-to-interference-plus-noise ratio (SINR) for single-
stream MIMO intractable because of an additional inter-stream
interference term in its denominator. Hence, we focus on
SIMO and MISO in this section.

A. SINR for SIMO and MISO
For SIMO with MRC and for MISO with MRT, the SINR
Ykn on subband n of user k takes the following general form:

Pr wor

Vien = __d)kna
PN Ekn

where Pr and Py are defined in Section II-B.2. Here, ¢,
tracks the small-scale fading and the denominator term ey,, =
(Pr/Pn) 210:1 wi[Ten (1)]” + 1 tracks the interference and
noise powers or their scaled versions thereof, as described
below.
. N, 0) 7+ 4y (2 .

For SIMO with MRC, ¢rn = >_;7 [Hy, (4,1)] is a
gamma RV with parameters dy = N, and \y = 1, and
I(l) = s (H G) HD G
e VN 15O G
the interference caused by BS [ to user k£ on subband n.
It is a circularly-symmetric complex Gaussian RV with unit
variance [32]. Hence, £, is a sum of C' lognormal RVs, which
are modulated by exponential RVs that correspond to small-
scale fading, and unity. It is well approximated by a lognormal
RV with parameters y.,, and o.,, [10]. These parameters are
obtained by the moment generating function (MGF) matching
method [33]. In it, the MGF U, (s) of ejy,, which is given
below, is equated with that of the lognormal distribution, which
is given in [33, (9)], at two different values of s. It can be
shown that

(35)

is a scaled version of

v (s)Neisﬁ NZ o G0
Sk Te I=1 | =1 1+S1§_§e(“w;c+\/§%”~hm)/f ’

where wgn (i) and y; are the weights and abscissas, respec-
tively, of Gauss-Hermite quadrature.
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2\ 2
For MISO with MRT, ¢y, = (z JHO (1,4)] ) is
the square of a gamma RV with parameters di, = N, and

A = 1 oand L, (1) = SV (H,gl,}l)n (1,1')) 7Y 1,4),
where k’(l) is the user scheduled on subband n in cell I.
This is because the beamforming welghts used by BS [ to
serve the user k/(l) are proportional to Hk l)n( ,i), for 1 <
i < Ny. Here, €, consists of a sum of C' lognormal RVs,
which are modulated by small-scale fading related RVs, and
unity. As above, we approximate (Pr /Py )wi|Iin(1)|?, for
each [, by a lognormal RV whose parameters 4, —and o,
are obtained using the Fenton-Wilkinson method [23, Ch. 3].
We then approximate €, by a lognormal RV, as above, using

the MGF matching method. This yields
Nou
sexp(,uwlk+\/_yL “’Ik))‘| )

Z wan (4
- (37

For both SIMO and MISO, we match ¥., (s) ats= 0.2 and
s = 1, as prescribed in [33].

Since the ratio of two lognormal RVs is a lognormal RV,
the SINR ~i,, in (35) for both SIMO and MISO can now be
written as

Vkn = Qk’¢k’n; (38)

where € is a lognormal RV with parameters ne, =
glOg (PT/PN)+MWUk (mOk) — Mey, and o, = wok to gk”
and ¢y, which tracks small-scale fading, is as defined above.

B. Cell Throughput Analysis With Scheduling

We now analyze the cell throughput per subband in the
reference cell for the following three schedulers, which trade
off between throughput and fairness differently:

1) Round-Robin (RR) Scheduler: Tt allocates subbands to
users in a pre-determined, channel-agnostic manner to ensure
fairness, but it does not exploit multi-user diversity. For exam-
ple, in the k™ scheduling interval, all subbands are allocated
touser k, for 1 <k < K.

2) Greedy Scheduler: On each subband, it selects the user
that fed back the highest MCS index. Hence, it exploits multi-
user diversity but is not fair.

3) Modified Proportional Fair (MPF) Scheduler [34]:
It selects the user with the highest ratio of reported rate to its
fading-averaged value. Thus, it exploits multi-user diversity
and also ensures fairness.

Let u denote the scheduled user on subband n. Let S’un
denote the MCS that the BS uses to transmit to user u on
subband n. Since only one user is scheduled on subband n in
each scheduling interval, using the law of total expectation,
the average cell throughput Ry (n) for subband n is

K M
Rcell (n) = Z Z rmPr (u = k7 Sun = m, Yun = Tm)7
k=1m=2
(39
K M
Z Z mPr( un = M, Yun = T )
k=1 m=2
xPr(u = k|‘9un =M, Yun = Tm) . (40)
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Here, the expression for Pr(gun =M, Yun > Tm) is already
derived in Section III, except for the change in notation.
In the following, we present expressions for the conditional
probability term Pr(u = k:|5’un =M, Yun > Tm) in (40) for
the three schedulers.

Result 2: The conditional probability Pr(u = k|S,,, = m,
Yun = Trm) is given as follows:

1. RR Scheduler:

~ 1
r(w |S m,"y K (41)
2. Greedy Scheduler:
Pr(u = I<:|§un =M, Yun > Tm)
K . K—1
H Pr(Sgn < m) +
9=1,97#k q=1 q
X Z lH Pr(Sun—m)]
Vci{l,...K\k Lvwev
#(V)=q
< T1 Pr(Sjn < m) , (42)
%
where Pr(ggn < m) = Z;n:_ll Pr(ggn = p). The term

1/(¢+ 1) in (42) accounts for the probability of selecting
user £ when ¢ other users belonging to the set V report the
same highest MCS index S’un

3. MPF Scheduler: For subband n of user g, let R, €
{r1,...,rnm} denote the rate allocated by the BS. Let
mg) denote the index of the highest-rate MCS that is

strictly less than r,E[R,,] /E[Rk,], where E[Ry,] =
Z%zl rMPr(S’gn = m) Then,
Pr(“ = klgun =M, Yun = Tm)

mqk
- H ZPr( j) . 43)
g=1, | j=1

g7k

Proof: The proof is relegated to Appendix C. [ ]

We now evaluate probabilities of the form Pr (5’ gn = p) that
arise in (42) and (43).

C. Evaluating Pr(ggn = p)

From the definition of S, in (5) and the law of total
probability, we get®

Pr(S’gn = p) = Pr(Wy=p+1,54, <p)
+Pr(Wg =D, Sgn = p)
+Pr(Wg =p-—1, Sgn = p)

+Pr(Wg =p-—2, Sgn > p) . (44)

3As in Section III-A, the probability terms in which Wy < 0 or Wy > M
are set to 0.
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Writing (44) in terms of vy, and the effective SNR ("’
corresponding to MCS p for user g in a manner similar to (8),
and applying the simplifications described in Section III-A,
we get

Pr(ggn = p) ~ Pr(Cépim > Tp—2,Tp < vgn < OO)
—Pr(CY) = Tyor, Tyia < gn < o0)
+Pr(C ) 2 Tpi1,0 < ygn < Tyoa )
—Pr(g_y’*?) > Tpin, 0 < Ygn < Tp) . (45)

The above expressions for p = 2 and M are similar to
those in Section III-A. Each term in (45) is of the form
Pr ng) > T, t1 < ygn < tg), where j € {p—2,p—1,p+1,
p+2},t1 € {0,T),Tp41}, and to € {Tp—1,Tp, 00}. Writing
in terms of the PDF f, (-) of v4,, we get

Pr(¢f) > Tty < ygn < ta)

= / f'an (U) Pr (C_((]]) 2 Tj|rygn = U) dv

/ fvgn Pr

Next, we evaluate ftoo Sron (v)Pr(C_éj ) > Tjlygn = v) dv,
where t € {t1,ta}, separately for SIMO and MISO because
the PDF of ¢, is different for them.

SIMO: From (38), the SINR ~,,, for user g on subband n is
the product of the lognormal RV €2, and the gamma RV ¢g,.
This is similar to the expression in (1) for the SNR except that
it now tracks the user index g. Hence, the expressions derived
in Section III-B directly apply to this scenario, except for the
updated notation.

MISO: From (38) and Section IV-A, ~,, for MISO is the
product of a lognormal RV Qg and ¢g,, which is now the
square of a Gamma RV whose PDF can be shown to be
Fou,(v) = (VO)a—2e" %5 (20 (dg)A%), for v > 0. The
general steps (16)—(25) of Section III-B still apply in this case.
The RV X (i) in (25) is again approximated as a Beta RV as
follows. From (25), the mean p;(¢) of X;(¢) is given by

) > Tilygn = v) dv.  (46)

() = E[X;(0)] = E [exp (<A 000/8,) | 47

where Ag) = e(V200,ui400,) /€ 5 the same as the constant
Ay, (cf. (20)) except that it also tracks the user index g.
To compute the expectation in (47), we use the PDF of ¢4,
from above and substitute u = y/v/), in the resulting integral
to get u;(i) = (1/T(dy)) [, e~ A(g)(’\ 0)/B5) s =1 o= gy,
Applying generalized Gauss -Laguerre quadrature, as done in

Appendix A, yields
Bj
97 22 : (48)

121
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) and GGL(';
respectively. Similarly, the variance v;(i) = E {(X](z))ﬂ -

(11;(1))> of X;(i) is given by

1
Ngg—1
i (9)
xexp( 2(>\99C,L( ﬁg’ 2))” A )-(M(i))2>' (49)

Substituting (48) and (49) in (27) and (28) yields a;(%)
and b; (7).

Upon substituting the Beta CDF with these parameters and
in (23), we get

where wgr, (-, -) are the weights and abscissas,

nes

ZwGL g 22

=\

v; (i)~

the expression for fy, (v / Al(ff))

Pr (C_((]J) > Tja Ygn > t)

wGH
Ly

2\/_F 9 =1 A(y‘(z])
dg—2
() Vs
X e vi B(x(v;j);
co\Ay

where, similar to z(v;l) in Section III-B, we have z(v;j) =

NSBB BJ —€B7

similar to (52)—(54) yields

PI‘(Q(?]) Z ij 7971 Z t)

a;(i), (7)) dv,

(50)

/(Nsg — 1). Simplifying (50) along lines

1 - _tL
T v e
dg—1 d —1 4\ do—1-i1 Not
B B
=0 V4 Ag ia=1
%8B (2 (Mg lin, i2) + )7 AY: 1) 3a5(0),b(0))

(51

where t' = \/t/Al(ff). This completes our derivation of the
cell throughput for the multi-cell scenario.

D. Extension to Multi-Stream SU-MIMO and MU-MIMO

The above analysis can be extended to multi-stream
SU-MIMO, MU-MIMO, and massive MIMO modes for the
single-cell scenario as follows. A tractable extension for the
multi-cell scenario is an open problem. For ease of exposition,
we drop the cell index [ in the following discussion.

1) Open-Loop Spatial Multiplexing with a Zero-Forcing
(ZF) Receiver with N, > Ny: In this case, the BS transmits
N, parallel streams of data to user k£ on subband n. The user
multiplies the received signal for the j™ stream by the ;™

of (H;mTH;m - H;mT to cancel the inter-stream interfer-
ence Hence, the SINR 4, (j) of user k for subband n for the

J™ stream is given by Yin(j) = Pr(j)widrn(i)/Pn(j) =
Qkorn(j), where Pr(j) is the transmit power of the BS
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for the j" stream, Py(j) is the AWGN power for the j®
-1
stream, @p,(j) = 1/ (H;mTH;m) } is a gamma RV

with parameters d, = N, — N, + 1 and )\k”: 1 [35], [36], and
Qi = (Pr(j)/Pn(j))wr is a lognormal RV with parameters
10, = oy (k) +Elog (Pr(7)/Pn (7)) and 0q, = 0ghaga- This
is now similar to (1). Therefore, the analysis subsequent to it
applies.

2) Open-Loop Spatial Multiplexing with MRC at the
Receiver with N, > N;: In this case, user k multi-
plies the received signal for the j" stream by the hzn (),
where hyg,(j) is j% column of Hy,. Hence, vi,(j) =
Pr(j)wkrn )/ (Pn(j)ejn), where ¢pn(j) = || hyn () H2
is a gamma RV with parameters d = N, and \y = 1
and e;, = (Pr(j)/Pn(j)) é\il,q;ﬁj wilkn (g, j) + 1. Here,

Te(q:3) = Il B}, (Dhin (@) /1] e (5) 117 s @ gamma RV
with parameters d = N; — 1 and A\, = 1 [35]. Since vin(4)
is similar to (35), its subsequent analysis applies.

3) MU-MIMO with ZF Precoding with K < N; and
N, = 1: In this case, the BS transmits one data stream to
each user on subband n. Hence, the SINR 7, of user k on
subband n is given by Yk, = Pr(k)widrn/Pn (k) = Qi dkn,
where Pr(k) is the transmit power to user k, Py(k) is
the AWGN power for user k, ¢, is a gamma RV with
parameters dp = Ny — K + 1 and Ay = 1 [36], and
Qi = (Pr(k)/Pn(k))wy is a lognormal RV with parameters
10y, = oy (k) +E1log (Pr(k)/Py(k)) and 0q, = Oghad. Now
Yen 18 similar to (1) and its subsequent analysis, therefore,
applies.

4) Massive MIMO with Matched Filter (MF) Precoding with
N;/K — oo, and N, = 1: In this case, due to channel hard-
ening, it can be shown that [22] g, = Pr(k)wpN:/Pn(k)
is a lognormal RV with parameters (., = [, (Tr) +
&log (N Pr(k)/Pn(k)) and 0., = Osnad. Since g, is the
same for all n, this is similar to the fully correlated subbands
scenario. Hence, its analysis applies.

V. NUMERICAL RESULTS

Simulation Setup and Parameters: The MCS set is as per
LTE [2, Table 10.1]. It has M = 16 MCSs whose rates range
from 0 to 5.55 bits/symbol. The associated decoding thresholds
are generated as Ty, = (2fm — 1)/k, where & is the coding
loss factor that is set as 0.398 [6]. The values of 3; for different
MCSs are given in [37], and Ngg = 10.

For the multi-cell, multi-user scenario, we consider a hexag-
onal cellular layout with cell radius R = 300 m, C = 6
co-channel interfering cells, and a frequency-reuse factor of
one. The simulation results are averaged over 2000 realizations
of small-scale and large-scale fading and 200 user drops. The
user locations are distributed uniformly in the cell except
for a circular area of radius 30 m around the BS [10]. The
shadowing and path-loss parameters are oy, = 6 dB, 7 = 3.5,
2o = 30 m, and dgqg(xo) = 10 dB. The ratio Py /Py is set to
achieve a pre-specified cell-corner SNR, which is varied in the
figures. The analysis results are computed for each user drop
using the final simplified form of (40) for each subband, and
are then numerically averaged over the drops and subbands.
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Fig. 2. CDF and CCDF of X;(%) for i.i.d. subband fading gains for SISO

for Nsg = 10 and 20 (! = 11 and Ay, = 10 dB).

[}

)]
T

IN
T

w
T

N
T

——i.i.d. subbands: Simulation
O ii.d. subbands: Analysis
= = Fully correlated subbands: Simulation
o Fully correlated subbands: Analysis

-

Average throughput per subband (bits/symbol

20 25 30 35 45 50 55 60

Pr/PAdB)

Fig. 3.  Single-user scenario: Average throughput per subband of HLCS
feedback for MISO and single-stream MIMO as a function of g—?\; (Nsg =10).

Statistics of X;(i) in EESM Expressions: We compare
in Fig. 2 the CDF and the complementary CDF (CCDF) of the
Beta RV with the empirical CDF and CCDF of X (i) [6], [9].
The CDF captures the accuracy of the fit for small values
of X (i), but saturates to 1 for larger values. The CCDF helps
visualize the accuracy of the fit better in the latter regime. This
comparison differs from that in [6], which models (V) as a log-
normal RV, and that in [9], which plots the CDF and CCDF of
the RV —; log ((1/NSB) Zﬁffl exp (—'yn/ﬁl)). This is done
for MCS [ = 11, which uses 64QAM and a 0.46 rate code,
and SISO. We see that the Beta approximation is accurate
over a three orders of magnitude range for Nsg = 10 and 20.
The accuracy of the fit increases as Ngp increases, since the
aforementioned central limit approximation of Papoulis [28]
becomes more accurate.

Single-User Scenario: Fig. 3 plots for HLCS feedback the
average throughput per subband of a user as a function of
Pr/Py for MISO with N; = 2 and 8, and single-stream
MIMO with N, = 2,N; = 2 and N, = 4,N;, = 4,
when the subband fading gains are i.i.d. The analysis curves
are plotted using the final simplified form of (6) that is
obtained in Section III. Also shown for comparison are the
corresponding results when the subbands fading gains are fully
correlated. As we saw in Section III-D.2, this has the same
throughput as full CSI feedback for any correlation. Hence,
the corresponding analysis curves are plotted using (33).
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Fig. 4. Multi-cell, multi-user scenario: Cell throughput per subband of the
three schedulers as a function of number of users K for MISO (N, = 1,
Nt = 4, Ngg = 10, and cell-corner SNR of 5 dB).
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Fig. 5. Multi-cell, multi-user scenario: Cell throughput per subband of the
three schedulers as a function of the cell-corner SNR for SIMO (N, = 4,
Ny =1, Ngg = 10, and K = 10).

In all cases, we observe a good match between the analytical
and simulation results over a large 40 dB range for Pr/Px.
We observe that the loss in throughput due to differential
feedback is marginal as the number of antennas increases.
In all cases, the throughput increases as Pr/Py increases
and saturates to 5.55 bits/symbol, which is the rate of the
highest-rate MCS.

Multi-Cell, Multi-User Scenario with Scheduling: Fig. 4
plots the cell throughput per subband of HLCS feedback and
full CSI feedback as a function of K for MISO (/N; = 4) for
the three schedulers. We observe a good match between the
analytical and simulation results. For any given K, we see that
the RR scheduler has the lowest cell throughput and the greedy
scheduler the highest. The cell throughputs of the greedy
and MPF schedulers increase as K increases and saturate to
5.55 bits/symbol. A new observation is that compared to full
CSI feedback, the reduction in throughput due to differential
feedback is the most for the MPF scheduler. However, even
here, it is at most 15.50% for all K.

Fig. 5 plots the cell throughput per subband of HLCS feed-
back as a function of the cell-corner SNR for SIMO (N, = 4)
for the three schedulers with ¢ = 2 PRBs. It also compares
the performance of HLCS feedback (24 bits overhead), full
CSI feedback (40 bits overhead), and UE-selected subband
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feedback (17 bits overhead when the best three subbands are
selected [2, Ch. 10]). For a given cell-corner SNR, the through-
put of HLCS feedback is nearly the same as that of full
CSI feedback for all three schedulers and exceeds that of
UE-selected subband feedback. We note, however, that the
feedback overheads of the three schemes are different.

VI. CONCLUSIONS

We presented an accurate analysis of the throughput of
the differential feedback-based HLCS feedback scheme that
is used in both 4G and 5G standards. We did so for different
single-stream multi-antenna modes for the single-user scenario
and the multi-cell, multi-user scenario with co-channel inter-
ference. EESM enabled an accurate and tractable modeling of
the generation of the wideband and differential CQIs. We saw
that when the subband fading gains were fully correlated,
differential feedback was as good as full CSI feedback.
Otherwise, at low SINRs, it incurred a marginal reduction in
throughput. We also observed that the MPF scheduler was
more sensitive to differential feedback. An interesting avenue
for future work is to extend the proposed analysis to different
multi-stream SU-MIMO modes with N, < N;, MU-MIMO,
and massive MIMO for the multi-cell scenario.

APPENDIX
A. Expression for Pr(C(l) > T,V > t) in (32)

In the integral in (31), substituting the gamma PDF
fon(v/Ay,) from Section II-B.2 and thereafter using the
variable transformation z = (v/(Ay,A)) — (t/(Ay,N)), we get

Pr(¢V > Ty, 70 > 1)

o) t d—1 7<2+ /t' )
< <Am”) o

xB(z (AzAy, + ;1) ;ai(2), bi(3)) dz. (52)

Expanding the (¢/(Ay,\) + 2)*" term as a binomial series,
Pr(C”) > Tpyn 2 t)

Ncu

1 .
= Ty 2 vonlie

d—1 d—1—i
d—1 t Y R
G L

i1=0
XB(x (AzAy, +t;1);ai(2),b(3)) dz. (53)

The integral foooz“e_zB (x (AzAy, +1t;0) s ar(3), bi(7)) d=
in (53) is of the form [z e™* f(z)dz, which can be accu-
rately approximated by generalized Gauss-Laguerre quadrature
as follows [29]:

—t
Ry, »

NoL

/OO Zre  f(2)dz & Y wa (i1, 2) f (faL(in,i2)) , (54)

0 i2=0
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where wgp(+, ) and OgL(-,-) are the weights and abscissas,
respectively. The error in the approximation decreases as Ngr,
increases. Applying this in (53) yields (32).

B. Proof of Result 1

In full CSI feedback, the CQI fed back by the user for
subband n is the index of the MCS that can be decoded by

the user on that subband. Hence, Pr(gn =m,Vn > Tm) =

Pr(T,,, < n < Ti41). This holds even for correlated subband
fading gains. Writing in terms of the PDFs of 2 and ¢,,,

[T (e
V2moq Jo Ee ?

X / s f%(%) dvdu. (55)

T

Pr(Tm <y < Tm—i—l) =

Substituting y = (£log(u) — o)/ (V20q) and applying
Gauss-Hermite quadrature yields

WGH (Z)

~ 1 Neu
Pr(Sn =m, Y, > Tm) ~—
A,

[ ()
X | — v, (56)
T ¢ Ayi

where wgn(i) and y;, for 1 < i < Ngp, are the weights and
abscissas, respectively, and A, is defined in (20). Substituting
the expression for the gamma PDF f, (-), the integral in (56)
can be written in terms of the upper incomplete gamma
function U (-, -) as follows:

Nan

Pr (S’n =m, Y = Tm) = ﬁ ZwGH(Z)

Tm Tm+1
s -v @R @

Substituting (57) in (6) yields (33).

C. Deriving Pr(u = k|5’un =M, Yun > Tm)

1) RR Scheduler: Since it is feedback-agnostic, the proba-
bility of a user getting selected is the same for all K users
and is, therefore, equal to 1/K.

2) Greedy Scheduler: Let )V be the set of users other than
user k that report their highest MCS as S,,,. Let #0V) =q.
User k is selected for subband n in the following two cases:

(i) ¢ = 0: In this case, the MCS S, reported by user k is
higher than those reported by all the other users. Hence,

- Pr(ggn < S’unvv‘g 7& k ‘ gun = m, Yun > Tm) ) (58)
K
= I Pr(Son<m).
g=1,9#k
where (59) follows because the subband SINRs of different
users are mutually independent.

(ii)) ¢ > 1: In this case, we break ties at random [10].
Therefore, user k is selected with probability 1/(¢ + 1).

(59)
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Consequently, writing in terms of all possible realizations of V,
we get
Pr (U = k"g’un =M, Yun = Tm)

K-1

1
q=1 m Z

vc{l,..K\k
#(V)=q

Pr (Sm =m, §jn <m, Vv € V,Vj

cV

_ 11 Pr(S*m = m)}

q=1 q vc{l,...K}\k Lvvey
#(V)=q
X H Pr(S’jn < m) 61)

vieV!

Combining (59) and (61) yields (42).

3) MPF Scheduler: Tt schedules user k£ on subband n if it
has the highest ratio of the rate reported to its average rate.
Since this ratio is a real number, ties between users occur
with zero probability and need not be considered. Furthermore,
the event R, = 7, is the same as the event S'gn = m. Thus,

R n Rkn
= Pr g <
(]E [Rgn] —~ E[Rkn]

Pr(u:k

, Vg 7& k ‘ Bin = Tmy Vien = Tm) )
(62)
= Pr(Rgn < ngk,vg 7& k ‘ Ry = Tms Vkn = Tm) 5 (63)

where mg;, is as defined in the result statement. Since the
MCSs reported by different users are independent, we get

K
PI‘(U = k|gun = M, Yun Z Tm) = H PI‘(Rgn < rmgk) :
=1,
o
(64)
E;n:gf Pr(Rgn = 1) =
ng’“ Pr (S‘gn = j). Substituting this in (64) yields (43).

J=1

Furthermore, Pr(Rgy < T, )
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