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Channel Equalization and Interference Analysis for
Uplink Narrowband Internet of Things (NB-IoT)

Lei Zhang, Ayesha ljaz, Pei Xiao and Rahim Tafazolli

Abstract—We derive the uplink system model for In-band than the normal LTE system may be adopted at the NB-
and Guard-band narrowband Internet of Things (NB-IoT). The  |oT UE to reduce the complexity and energy consumption.
results reveal that the actual channel frequency respons€ER)is  ag 3 result. the LTE and NB-1oT signals are multiplexed

not a simple Fourier transform of the channel impulse response, . . -
due to sampling rate mismatch between the NB-loT user and " @ RF and baseband hybrid manner, instead of baseband

Long Term Evolution (LTE) base station. Consequently, a new Signal multiplexing in the LTE system, where the orthogdgal
channel equalization algorithm is proposed based on the dared amongst all subcarriers and low-complexity one-tap chianne

effective CFR. In addition, the interference is derived andytically equalization are secured by orthogonal frequency division
to facilitate the co-existence of NB-loT and LTE signals. Tis multiplexing (OFDM) modulation.

work provides an example and guidance to support network . . .
slicingpand service multiglexing ingthe physical |aﬁfr. For NB-1oT signal, the channel circular convolution prop-

erties and interference-free one-tap channel equalizatm
longer holds. Specifically, the channel impulse respon$R)(C
I. INTRODUCTION cannot be ma_pped to thg frequenpy domain chann_el equal-
) ) ) ization coefficients by direct Fourier transform. This may

Narrowband Internet of Things (NB-loT) is a sustainablgg|idate the extensively used algorithms in OFDM system
technology for connecting billions of devices from a gregh channel estimation, equalization, channel state mgor
range of utilities (e.g., smart meters, smart grid, etcdido ion (CSI) feedback, synchronization and system perfocean
tics (e.g., industrial assets, containers, vehicles,tioea@nd gnalysis.” On the other hand, for the LTE signal, there will
status update, etc.) to the industrial applications (Bsts&fety e interference from the NB-IoT subcarrier/symbol due ® th
monitoring, control, diagnosis report alarm, etc.) [11, []. |oss of orthogonality, resulting in performance degrafati
By using as narrow as 180 kHz bandwidth, NB-I0T Usefhe coexistence of LTE and IoT signals has been investigated
equipment (UE) bears onli5% of complexity compared with i, the third generation partnership project (3GPP) stueni
the normal Long Term Evolution (LTE) UE; and supports Ui extensive simulationfd], with given guard-band between
to 10 years battery longevity and 35 km coverage [1], [2]. them to mitigate inter-service-band-interference [4]. dd-

To achieve the spectrum efficiency and the deploymegition, most of the literature on NB-IoT focuses on either
flexibility, NB-IoT has three operation modes [1], [2]: Gdar gystem frame structure design [5], random access networks
band operation that utilizes the resource blocks (RB) withe [6] or scheduling [7]. However, to the best of the authors’
LTE carrier's guard-band; In-band operation utilizes th8 Rygnowledge, the analytical results on the PHY layer are still
within a normal LTE carrier; Stand-alone operation utéizely missing in the literature to provide a general guidelinarfro
available spectrum (e.g., replacing Global System for Mobithe algorithm (e.g., channel estimation/equalizatiorsigte to
Communications (GSM) carrier with an NB-loT carrier). Th@ystem parameter selection (e.g., guard-band bandwidth).
first two modes can be deployed by reusing the LTE baseé|n this paper, we will first establish a system model for the
station’s (BS’s) radio frequency (RF) front-end (i.e., 8®ne pjink NB-IoT system. The relationship of the CIR and the
processing bandwidth and sampling rate) and the basebahgnnel frequency domain equalization coefficients isveeli
numerology (e.g., subcarrier spacing / symbol durati@mé anq one-tap channel equalization algorithm is proposeedas
structure'). This design enables the LTE BS support the twgn, the derived channel model. We also prove that the loT UE
modes by software upgrade only. In this paper, we will focys free of interference from the LTE UE. For the LTE UE, we
on the In-band and Guard-band modes. . _derive the analytical interference term that is caused ley th

However, the reuse of RF and baseband processing chaifgft Ug to guide the system design.

BS for NB-1oT signal may destroy the system orthogonality Notations {-}# and {-}7 stand for the Hermitian con-
and invalidate the widely-used signal detection algorﬁhnjlugate and transpose operation, respectively. We g4 }
(e.g., one-tap channel equalization/estimation) fomkgliians- and diagA} to denote the expectation of matrix and a
missions [1] due to the sampling rate mismatch between thgygonal matrix formed by taking the diagonal elements of
transmitter and receiver. Specifically, a much lower RF.(e.gy respectively. However, didg} denotes a diagonal matrix
digital to analog converter (D/A)) and baseband processifigtmed by the vectoa. I, and0,, v refer toM dimension
(e.g., inverse discrete Fourier transform (IDFT)) bandbmdidemity matrix and am\/ x N zero matrix, respectively.

The authors are with the 5G Innovation Centre (5GIC) andituist for II. NB-10T AND LTE COEXISTING SYSTEM MODEL
Communication Systems (ICS), University of Surrey, Guitdf GU2 7XH, L. . .
UK. The author would like to acknowledge the support of theversity of 1) System descriptions and assumptioff$ie uplink In-
Surrey 5GIC (http://www.surrey.ac.uk/5gic) members fus twork. band and Guard-band NB-IoT and LTE coexisting system is

INote that one of the options for NB-10T is using 3.5 kHz subieaspacing  shown in Fid. 1. Since the operating bandwidth and samplin
to provide capacity in power-limited scenarios [1], whistdifferent from LTE 9. L. P 9 piing

system (i.e., 15 kHz). However, this scenario is not wittiie scope of this rate are different at the LTE U_E (Or BS) and NB-loT Uke
paper. use two sets of parameters with subsckpt; and {-}, for



xv—af spreaser [—of oo ol (T are Fyx;, andFyxy, respectively, wherd,, € CM*M js
power normalized\/-point IDFT matrix andF y € CV*M s
a sub-matrix of power normalizel-point IDFT matrix taking
the correspondind/ columnse Uy.
Let us assume the cyclic prefix (CP) length for both
Base station UEs is Lcp,y samples with the sample duration 8% z.

'%:J However, according tol,;, = GTsu, the CP contains
Leprn = Lop/G NB-loT samples (e.9.7s.1) 4. To avoid

Fy

loT UE

x IDFT CP insertion RF
M ’ C " sr=s)

LTE UE o j After the IFFT operation, the signals at 1oT and LTE UEs

RF cp
SR=S —ﬂ removal
(SR = S4) R,

o —— En inter-symbol-interference, we assume the CP is longer than
i the channel length for both UEs. Then we can write the
CP insertion matrices for the lIoT and LTE UE€; =

E.%d éach“g’!;&‘iﬁg‘?nﬂbéyfiﬁe%?méﬁ&?;ﬁ"ﬂi&i%é;ﬁiﬁ’“&éiéF”T'i n%;é‘?%lfy Oucnrx(ui-tors Tiensilu] € ROFEerar ang
— . cpP,L)X
S s s e DES cion o S e iy Ot = Ot ev-terusTierniIn] € BOvtlern o,
signals for two UEs a€F,;x; andCyF yxy. They have
high sampling rate LTE UE and low sampling rate NB-lothe same duration in seqonds but not in number of samples.
UE, respectivelyin Fig. 1, the loT UE RF sampling rateS{) Let us denote the multi-path CIR from IoT and LTE UEs to
could be as small as the loT bandwidth (e.g., 180 kHz) e BS ashy = [h(1),hr(2), -+, hr(Lem,r)] andhy =
reduce the complexity, cost and energy assumption; white thz (1), A (2), -+, ha(Lon,m)], where Lo, and Lon,
LTE UE follows the normal LTE RF and baseband processirie channel lengths fdr;, andhy, respectively. Without loss
2. At the BS, a unified RF (with sampling ra; larger than Of generality, we assume the channel powers are normalized,
the whole system bandwidth, e.g., 30.72 MHz) and basebarel, E{> 7" |hz(i)]2} = 1 andE{> """ |hg (i)[>} = 1.
processing is utilized to de-multiplex the two service sign  In the digital domain at the receiver, the BS processes
Note that in the following we will parameterize all of thethe two services signals using the same baseband processing
parameters, to make the derivations generally applicaldey chain, thus the channel resolution is the same as the
system having mismatched sampling rate between transmit& sampling rate and the channel lengthty ;. is not
and receiver, with the 3GPP NB-loT system as an exampfecessarily smaller thahcy, z. The low sampling rate 10T
However, to simplify our derivations and without loss ofignal C.Fx; will be first up-sampled by a factor off
generality, we assume two RBs are scheduled. One is althca@aad then convolved by the multi-path channel. Equivalently
to NB-loT UE and the other is used for LTE UE. the signal will be multiplied by an up-sampling matrix
Let us consider that the LTE system contains ovefdll U and then by the channel matriA.. In this case, the
subcarriers (i.e., DFT size i8/) and each RB containd/ number of rows in A UC_.Fyx. for loT UE is the
contiguous subcarriers. The DFT size for the NB-IoT systegame asA yCyxF yxy for LTE UE . The Toeplitz channel
is N, = N/G € Rt with G being the down sampling factor.matrices A;, and Ay are derived from their CIR with
In principle, we have to se¥;, > M to avoid signal aliasing. their first columns being[hz, 01« (N+rcpy—Lew —1))"
To simplify our derivation and focus on the mathematicalnd [hp,01x(N4Lcpy—Lenn-1)] . respectively; and
analysis, we selN;, = M and thereforeN = GM. However, their first rows being [Ar(1),01x(N4Lcpy—1)] and
the derivations in this paper are applicableNg > M case [hH(l),le(NJFLCPYH_l)], respectively.
3 Consequently, the signals after CP removal and DFT pro-
We defineT. as the symbol duration in seconds, then theessing at the BS for 10T (i.ey;) and LTE (i.e.,yy) UEs
sampling duration at the BS and LTE UETS y = T./N. can be represented respectively as
The sampling duration for the NB-loT will be much longer,  =H
which is T, ;, = T./M. Then the system sampling rates for Y%~ FyRp¥ LA UCLFyxp +vi 40 @
LTE UE and NB-loT device ar8y = N/T. andSy, = M/T,, yu = FYRyAyCyFNxy + vy +np . (3)
respectively.
2) Uplink system modeltet us write theM -length mod-
ulated signals for IoT and LTE services ag and xy,

In equations (2) and (3), the first terms are the desired kigna
for 10T and LTE UEs respectively, when¥, is the shifted
respectively. The subcarrier indexes for the two UEs afgmer frequer_lcy (CF) in the l.OT de_V|ce .after CF dO.W”
Uy — (Mg, My + 1,--- My + M — 1} and Uy, — conversion. It_ is anN + Lcp d_lmer_13|o_n diagonal matrix
{Mp, M, + 17- -, My —7|- M’— 1}, respectively, wheré\//; with its i-th diagonal element being 727~ Ler s~ .

) ) 9 ’ ) - . . - H
and M, are the indexes of the first subcarrier for LTE angiﬁng [ONxLep L] is the matrix for CP removalFy €
loT UEs, respectively. The two sets are not overlapped, i.&: is a matrix that takes th&/ rows € ¢/, of the power
Uy NU;, = 0. Then the guard band (number of subcarrier@o_rmal'zed submatrix oiV-point DFT matrix.ny;, andng are

between them is: noise vectors for 10T and LTE UE signals, respectively.
The second terms in (2) and (3) are the interference due to
Bg =My —Mp|-M~-12>0. (1) non-orthogonality between the two services, and
2Note that the peak-to-average-power-ratio (PAPR) rednctechniques v = \/ﬁFﬁRHAHCHFNXH (4)
such as DFT spreading is not considered in the paper forthrévowever,
it is straightforward to extend this work to the DFT spreadDDF systems. 4In this paper, we assumecp.r = Lop /G is a non-negative integer

SIndeed, whenV;, > M, the unused subcarriers will be served as guarde simplify the derivations. However, when the CP lengtheakion-integer
band and the processing will involve mathematically ttigabcarrier index numbers of NB-loT UE sampling duration, the derivations st valid but
mapping and selection. mathematically trivial.



. . ¢
is the mterferen(ie from LTE RB to IoT RB, and Vs = 1/\/5. H, Z‘IHXL CH,Y,xp = Agxy . (12)

vg = —FgRH‘I’LALUCLFMXL (5) i=1

VP For the interference/;, from the LTE RB to IoT RB, since

is the interference from 10T RB to LTE RB. Note that wehe BS uses standard OFDM implementation to de-multiplex
defined a new parameterto measure the power gain differ-l0T signal, all subcarriers sent from LTE UE are orthogonal
ence between LTE and NB-loT UEs, which is a compouri@ the subcarriers assigned to the loT RB. ivg,,= 0. Based
factor of channel and transmission power gains. SpecificalPn (12), we obtain (8).
the received signal power for LTE UE jstimes stronger than  Now let us prove (10) and (11). For the power of the

the one for NB-loT. interference to LTE UEpy = E[diaglvyvH)]. By using (5)
and following the same method that has been used to prove
(8), we have

IIl. CHANNEL EQUALIZATION AND INTERFERENCE _
ANALYSIS pr = pE[diag FR A ;. [FNFEUF  FLUYFy -
Uéet l:js (rj]efilrj?EthSEchanEel If?)rgqluer;]cy (;_esponsle frorr_l trfwe Io'ljg‘gAgnLﬁN)] — pE[diag(HLF%UFA,IF{@UHFNH?)]
U and the to the in the diagonal matrix form — pE{diagH, (U FIE) (PR, ) PHE]) . (13)
A= g By usingF Y F,; = I,; and assumption that channel is power
H; =diagFyhr), and Hy = diagFyhy), (6) normaIizedA,[i.e.]E(HLHf) = I, we get (11). _
where h, = [hy, 01 nv_roy,)|” and By =  ForLTE UE desired SigNay i, aes=F NRuAnCrFnxm,
(7,0 B T, P is a matrix taking the first since it fo.IIows the stand.ard LTE processing and_ satisfies th
HyY1x(N—Lcu,u) N =
M rows of FZZ. In addition, we definé//-dimension diagonal channel cwcular c_onvp[utmn property, we can deig e, =
. N ' 9 Hpyxpy. Substituting it into (3), we have (10). ]
matricesY ;, and ¥ H™H ' :
L H For the Theorem 1, we have the following remarks:
1 & 192 mivise Remark 1:Equation (8) reveals that the point-wise multipli-
TL:—(Z ®;), and ‘I’H:—Ze N ®;, (7) cation betweem\; and signal (i.e.x;) enables interference-
e i=1 \/éifo free one-tap channel frequency domain equalization. Hewev
the equalization coefficientd ;, for NB-loT are not equal to
the Fourier transform of CIR (i.eHy). In fact, the effective
channel coefficients are phase-shifted combinations of CIR
EFT transform (i.e.,H., Y ). The conclusions also imply
that the original extensively used algorithms in CP-OFDM
system for pilot design, channel estimation, interpofatio
vy, =Apxp +np, =H;YX.x; +ng,, (8) equalization, synchronization and system performanclysisa
. - may be no longer applicable to NB-loT.
where the effective channel coefficietts = H.Y.; and Remark 2:Due to the fact that the diagonal elementsfin
the interference from LTE to loT UE is zero, i.e, might be different, the performance of loT UE may degrade.
v =0. 9) To improve the performance, a diagonal power compensation
matrix P.,,, = (¥)~!'/n can be used by precoding the
For the LTE UE, the signal model in equation (3) can bgansmitting signakx; to pre-cancel the unevenly allocated
written as power amongst the subcarriers, wittbeing the normalization
factor. In this case, the precoded sigRal = P,,,x, instead
of the original signalkx; will be transmitted. At the receiver
The power of the interference termy; can be written as  side, the signal model for the 10T UE will be replaced by:
. yr=1/n-Hpxp +nr.
pr = pdiag( ¥y ¥) . (11) Rem{o\rk 3:For the LTE UE signal detection, equation
Proof: Let us first prove (8) and (9). Based on Io7(10) shows that the performance may be degraded by the
UE signal model (2) and the relationships @f; and C, interferencevy from NB-loT signal, due to the NB-loT
and Lepy = GLep ., we can reformRy ¥, A, UC, = sampling rate mismatch. The interference level depends on
U, RyA UC, = U, RyA;,CyU = ¥ A, U, where WO factors: the power attenuation factprand guard-band
¥, is a matrix comprising of the las¥ columns and rows Bc between the LTE and NB-IoT signalg.could be much
of ¥,. In addition, we have used the fact that sufficierimaller than 1 since the NB-IoT device is transmission power

CP insertion and removal will convert the channel matrikmited and more penetration loss could be expected siree th
from a Toeplitz matrix to a circular one, i.€eA.y. = loT devices may be installed in extreme environment (e.g.,
Ry A.Cy. Therefore, the first term of equation (2) (let uPasement). On the other hand, the impactif is shown

define it asyy q..) that contains the desired signal of loTiN ¥x in (7). Relatively largerB; makes smallef¥ | and
UE can be written a3y qe. — FA®, A, UFyx, — analytical results in Section IV will show the performance
,des — cir, / -

SH A H _ SH _ ~ improvement with increasing.

FlNACg’L]i‘]IYIFNUFMXL - HLA];NU_FMXL = Ho Remark 4Fundamentally, the interference level on LTE UE
7a i1 Fag Farxy. Note thatFy; is a sub-matrix of yenends on the OFDM out of band emission (O0BE). New low
F taking everyM-th column of B4, starting from thei-th  OoBE waveform can be implemented on the top of desired
column, i.e, taking the-th, (i + M)-th, - -, [i+ (G —1)M]-th subcarrier (or RB) to attenuate the interference leakage fr
column of K. By usingF}} ; = ®;F}}, we have loT UE to improve LTE UE performance [4].

where thek-th diagonal element ol; is e=727(k—1/N \We
have the following Theorem:

Theorem 1: Consider an uplink In-band or Guard-band
NB-loT system as shown in Fig. 1. The desired signal for t
NB-loT UE in equation (2kan be written as:

yag =Hpgxg +vyg +ng . (10)



Remark 5:The design is specifically for the In-band and
Guard-band NB-loT system. However, the idea is generall
applicable to multi-service systems with each service fiavi
different RF/baseband bandwidth and sampling rate. Th& wo
presented in this paper provides an example and guidance
design an integrated 5G system to support network slicin
and service multiplexing in the physical layer [8]. In adiulit,
multiple NB-1oT chunks can be aggregated to support massi\
loT devices, while keeping the proposed channel equatizati
method unaltered, but may further degrade the LTE Ul
performance since each chunk will create interference athd w
be summed up with different weight.
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IV. NUMERICAL RESULTS 351

In this section, we investigate the proposed channel equi
ization algorithm for uplink NB-loT UE based on the de-

rived signal model in (8). In addition, the derived analgtic ) o
ig. 2. LTE UE MSE versus normalized guard-bargl;(/ V) with different

interfgrence for LTE UE in equa_‘tion (11) is compared Wit}gower attenuation factop. (Dashed lines: Analytical results, Solid lines:
the simulated results. We consider 1 RB for LTE UE angimulated results.)

1 RB for NB-IoT UE. Each RB contains 12 subcarriers.
The DFT size (V) and CP length Lcp z) are 600 and 50
respectively. We consider the LTE extended typical urba
(ETU) channel. The modulation schemes for IoT UE and LTE
UE are QPSK (quadrature phase-shift keying) and 16-QAl
(quadrature amplitude modulation), respectively.

To verify the derived analytical interference power (11) or
the LTE UE, we compare the analytical average mean sque

40 . . . . . . . .
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Guard band (Normalized by the full bandwidth)

0 0.1

10°

LTE UE (16-QAM)

10

error (MSE) in the RB with simulation results in Fig. 2, with g

different guard-band and loT UE attenuation fagiolt can be : .

seen that in all cases, the analytical results perfectlgimtite 102 - 222:;; 'zliz ]

simulated ones. As the guard band increases, the MSE redu =200 B =12 f

first and reaches the minimum value when the guard band o p=0dB, BGG: 200

around half of the total bandwidth (i.e3s =~ 300 subcarrier). —5—p=10dB, By, = 300 10T UE (QPSK)

The curves go up by further increasing the guard-band. Tt —%—p = 20dB, B = 300

rationale is that 0.5 is the maximum guard-band between tt  10°® ‘ ‘ ‘

two UEs. The value over 0.5 will bring the two RBs close tc 0 ° o 15 20
b0

each other due to the circular properties of baseband sign..

In afjdition. the O_bservation _ShOWS that. increasrbﬁglitigates Fig. 3. BER versusE,/N, with different power attenuation factgr and
the interference linearly, which is consistent with (11). guard bandB¢.

The bit error rate (BER) performance for both LTE and IoT

devices in different guard banB¢ and attenuation factos  gre verified by simulations. The work presented in this paper

are shown in Fig. 3. Since I0T UE is not sensitive 2; shows an exemplary case as to how the network slicing can
andp, only one curve is given in the figure. In addition, thge ynderpinned in the physical layer.

power compensation method proposed in Remark 2 for [oT UE
is adopted in this simulation. It can be seen from the figure REFERENCES
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