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Abstract—Machine type communications (MTC) are consid- II. DRX MECHANISM IN LTE
ered as key applications in LTE/LTE-A networks, for which ) ) o
lowering power consumption is among the primary requirements. ~ The mechanism of DRX is shown in Fig. 1. When enabled,

In this paper, we model the LTE/LTE-A discontinuous reception the UE wakes up and checks for the downlink scheduling
(DRX) mechanism for MTC applications based on a Semi- jxformation during the subframes referred to as @meDura-

Markov chain model. With our model the power saving factor . . L .
and wake up latency can be accurately estimated for a given tion (the period ofOn Duration is denoted asoy), which

choice of DRX parameters, thus allowing to select the ones IS l0cated at the beginning of short/long DRX cycles. If not
presenting the best tradeoff. The proposed model is validated scheduled, the UE goes back to sleep for the purpose of
through simulations. We also investigate the effect of different power saving, otherwise it starts &nactivity Timer T, and
DRX parameters on performance. enters the continuous reception mode to check the schedulin
Index Terms—LTE, DRX, MTC, Semi-Markov model information at every subframe. THeactivity Timer will be
restarted if the UE is rescheduled before the expiry of the
timer. Otherwise, the UE starts $hort DRX Cycle Ts. If
|. INTRODUCTION the UE is not scheduled after several short DRX, which is

MTC such as metering, remote monitoring/control, etc. afPecified by thedRX Short Cycle Timer N, the UE starts the
playing an increasingly important role in cellular netwarkor -0Ng DRX Cycle T;, to increase the power saving factary(

these types of applications, most MTC devices are powered i§y2 Multiple of T's as specified in [6]).
battery. Therefore, lowering the power consumption is agnon

the primary requirements. To achieve this, DRX is employed i scheduling Inactivity DRX Short Cycle
LTE/LTE-A networks. With DRX, a user equipment (UE) only Message Reception Timer Expiry Timer Expiry
turns on the receiver at some pre-defined time points while On buration On purston
sIeepsatothers.ItcanbeseenthattheDRXmechanismsattain||||||| | ||||| |||||||| ||||| ||||| |||||||

power savings at the expense of an extra delay. Therefore it
is preferred that the DRX parameters are selected such tha PR P — K T———"
the power saving is maximized while the application delay o8 PR Cycle LongDRX Cycle  geception  cycle Cycle  LongDRX Cycle
constraint is satisfied. However, the optimal trade-offasen Legen d:|:| sctive, I:Isleep

the power saving factor and wakeup delay is unknown.

[1], [2] present analytical methods to model the DRX. .
mechanism in UMTS. However, LTE introduces two types ﬁ?g' 1. DRX procedure in LTE
DRX cycles which is different form the single DRX cycle in Here we assume that the traffic is Poisson distributed. The
UMTS. Hence, the models used in UMTS are not applicablfRX mechanism can be regarded as a Semi-Markov chain
to the LTE case. [3], [4] provide methods to model the LTEnodel as shown in Fig. 2. The transitions between states are:
DRX mechanism in the presence of bursty and Poisson traffic1) When the UE is at stat8,, if it is not scheduled before
respectively. However, they do not take into account the "ON the expiry of thelnactivity Timer, the UE transfers to
duration, which is part of every short and long DRX cycle. state S1; otherwise it restarts thénactivity Timer and
They assume that a packet (always) arrives during the sleep remains at state&,.
period and has to be delayed and buffered. In practice, sepack 2) When the UE is at statfy;_1, ¢ € [1, N], if it is not
may arrive during the ON part of a cycle and be sent by the  scheduled before the expiry of ti@n Duration, the UE
eNB (base station) right away. This is not accounted for & th transfers to statés; and starts sleep; otherwise, the UE
aforementioned models, leading to inaccurate estimatebdo transfers taS.
power-saving factor and average latency. 3) When the UE is at statg;, i € [1, N—1], after sleeping

In this paper, we present a semi-Markov chain model to  for a period ofTs — Toy it wakes up and transfers to
analyze the detailed DRX mechanism in LTE/LTE-A with stateSy;11.
MTC traffic. We do model the On duration parameter, which in 4) When the UE is at statg,, after sleeping for a period
LTE/LTE-A takes values between 1 and 200ms [6], by using  of Ts — Tpy it transfers to states;, to start the first
two type of states to differentiate the On duration from the  long DRX cycle.
sleep period of short or long DRX cycle and show that it 5) When the UE is at stat&;, if it is not scheduled before
has a significant impact on the DRX performance. We use the expiry of theOn Duration, it transfers to stat&;,
simulation to validate our results. and starts sleep; otherwise, the UE transfer§go




time 7’ follows an exponential distribution with expected
value 1/A. Moreover, we assume that at the eNB side there
is at most one packet arriving in the short or long DRX cycle
for a UE. This assumption is realistic and comes from the
observation that most MTC traffic igplink dominated and
the average downlink packet interval per UE is much larger
than the short or long DRX cycle. In [7]- [9] the proposed

State | Description packet interval time for MTC traffic is 30 or 300s, while
So Continuous reception mode the maximum short and long DRX cycle is 640ms and 2.56s
Ss;—1 | Active period of theith short DRX: € [1, N] respectively. Assuming the packet arrival interval is 3@d a
So; Sleep period of théth short DRXi € [1, N] the long DRX cycle is 2.56s (maximum value), the probability
Sr Active period of the first long DRX that more than one packets arrive in a long DRX is 0.003.
Sr11 | Sleep period of the first long DRX Moreover for delay sensitive MTC applications the long DRX
S, Active period of other long DRX cycle is usually set to be in the order of several hundred
Sr4+1 | Sleep period of other long DRX milliseconds to comply with latency requirements, where th

probability that more than one packets arriving in a long DRX
is even smaller (it equals 0.0002 when the long DRX cycle is
640ms). Though we take the assumption here to be an accurate
6) When the UE is at staté; 1, after sleeping period of @pproximation for existing applications, we will test thede!

T, — Ton it wakes up and transfers to statg. against simulations with higher traffic rates.

7) When the UE is at stat§;, if it is not scheduled before ~ There are eight types of state transitions. We start with the
the expiry of the OrDuration, it transfers to Stat€L+1 calculation for the first case. Recall that from the Markov

Fig. 2. Semi-Markov Chain model for DRX

and starts sleep; otherwise, the UE transfers o chain model described above we can see that, after receaiving
8) When the UE is at statf; 1, after sleeping period of Packet, the UE is at stat#, for a period of7, at most. As we
T, — Ton it wakes up and transfers to statg. assume that there is at most one packet arrived in a shayt/lon

The sleeping period i — T, x before entering into staté DRX cycle, the transition from statg, tq Sy is only triggere_d
while it is T}, — Tox when entering into stat§, which is by the e_\/(_ent that another packet arrives a_ft_er the expiry of
the reason why we use two states ( and.S; ) to differentiate the Inactivity Timer. Hence the state transition probability

_ / _ ATy Qimi _ AT,
the first long DRX cycle from other DRX cycles. poa = p(I" > Tp) = e=*7°. Similarly, p; 2 = e~ "o,

For this Semi-Markov chain model, we start with the When the UE is at statéy;, i € [1, N — 1], it transfers
calculation for the stationary probability for each statd ¢hen to stateS,;; with probability 1, i.e.pe; 2,41 = 1. Similarly,
derive the states’ holding times. Denotipg; as the transition 4, ,, =1, p, —1. and =1

- : i JL! ’ "+1,L ’ PL+1,L .
probability from stateS; to stateS;, the stationary probability When the UE is at stat6yi;1, i € [1, N — 1], if it receives

of statei, m; can be calculated as: a packet which arrived at eNB during the sta&tg and On

i = Ti—1 - Pi—1,i, ¢ € [1,2N], (1) Duration, it transfers to staté; otherwise it transfers to states
T/ = T2N * P2N, L' (2)  Soiyo. Therefore,po;i12i42 = p(T' > Ts) = e *s,i €
TL/41 =T~ PL/ L/ +1, (3) [L,N—1]. Similarly,pr 141 = e Ms, andpr r+1 = e Mt
L = Tp/41 - PLis1L + TL+1 - PL+1,L, (4) Now let us calculate the holding tim#; for stateS; (i =
TL41 = 7L - PL.L41 G) 0,1,..2N, L', L' +1,L,L+1). .
i _ Hy. When UE is at state5,, the packet arrives after the
With the above equations, we can get: expiry of thelnactivity Timer with probabilitypg 1 or it arrives

i at thesth subframe of thdnactivity Timer with probability
i = To - Hpj,l,j,i €[1,2N], (6) pi. Therefore,Hy = po 1 - Ty + ZTE T;p;, whereT; is the

7

jriey state holding time (in the unit of subframe) when the packet
oN arrives at theith subframe ang; = p(i — 1 < T’ < i) =
_ o —E=DA _gmid 1,Tp]. If ket arrives at theéth
T =m0 pans | [ picry; (7)€ e i € [1,Ty]. If a packet arrives at théth
. oo E 7 subframe of thdnactivity Timer, a new continuous reception
oN is started. Hencel; = i+ Hy. With these results, we can get
TL/+1 = T0 * PL/,L'+1 * P2N,L’ Hpj—l,ﬁ (8) To 1 ATy
- o . o — €
J=1 Ho =To + ;sz/Po,l = A= Ne T 11)

2N
Pr/4+1,L - PL’,L'4+1 " P2N,L’
L =0 - Iri-s @
Jj=1

1—pr,o+1 Pr+1,L . :
Hy;_1,1 € [2, N]. When UE is at staté; 1, there are three

DPL,L+1*PL'41,L * PL',L'+1 * P2N,L’ ﬁ L. (0) cases for packet arrivals: (i) the packet arrives after Kpere
Pi=ts: of the On Duration with probability ps; 1 2;, (ii) the packet
arrives at thegth subframe of thén Duration with probability
The state transition probability for this model is calcatht p;-)N, (iii) the packet arrived during the last sleep period (slee
as following. Here we assume that packet arrival rate of tiperiod of the(i — 1)th short DRX cycle) with probability,.
Poisson distributed traffic i3, therefore the packet intervalHence,Ha;—1 = p2i—1,2: - Ton + Z?gf TjONp?N + Tsnps.

TL4+1 = T -

1 —pr,i+1-Pr+1,L =1



WhereTjON is the state holding time if the packet arrives atthe 1ll. POWER SAVING FACTOR AND WAKE UP DELAY
jth subframe of thén Duration and Ty, is the state holding
time if the packet arrived during the last sleep period.
When the UE is at stat&s; ;, the probability that the
packet arrived during the sleep period of tfie- 1)th short Soiy it

i = / — — 1—e—(Ts—Ton)A Psd = 16
DRX cycle isp; = p(T" < Ts—Ton) = 1—e~ s 70N and ! Zl 07T1H + 3o Tri i+ S T Hoy (16)

With the results derived in the last section the proportibn o
time that the UE is in the sleep period of short DRX, is

the probgbility tt(;a]tt the packet arrivgs at t;hb/subframe of the N (To4Ton) 1—e—ANTs (Ts — Tow)
On Durationis p;' ™ = p(Ts—Ton+ji—1<T <Ts—Ton+ _ 1—c g \L5 71O
]) = ¢~ (Ts—Ton+j—1)A _ e_(TS_TON+j)A7j c [LTON}- T

If a packet arrived during the sleeping period of the 1)th  \yhereT is calculated by equation (20).
short DRX, it is delivered at the first subframe of the n@xt  Similarly, the proportion of time that the UE is in the sleep

Duration. Hence, the state holding tini&, is 1. Moreover, period of long DRX,p4, is
when a packet arrives gth subframe of thén Duration the

state holding time ig°°N = j, j € [1, Tox]. g = T Hp + w1 Hga (17
With the above results, we can get SN T H A+ oy i He + S moviHo
_ —MTo+ToN+NTs+Tp)
e MTs—Ton) _ o—7Ts N (6 MTo+Ton+NTs) 4e 0 1705§ATL s+r )(TL _ TON)
H2i71 = ]_—e*)‘ —|—1—€_ (Ts— ON). (12) = T

H,. When the UE is at stat§), there are two cases for therefore the power saving facter, which is defined as

packet arrival: (i) the packet arrives after the expiry & @n  {he percentage of time the UE is at the power saving states is
Duration with probability p; », (ii) the packet arrives at thgh

subframe of theOn Duration with probability p1 Therefore Q = psd + Did- (18)

Hy = p12-Ton + ZTON T}pj, whereT} = j is the state

holding time when the packet arrives at tfgh subframe of  Since packet arrivals are Poisson, the packet arrival time

the On Duration. over short or long DRX follows a uniform distribution. Hence
When the UE is at staté), the probability that the packet the wake up delay, which is the interval between the time when

arrives at the ith subframe of ti@n Durationis p; = p(i—1 < 4 packet arrived at the eNB and the time when the packet is

T <i)=e DA — e i e [1,Ton]. Hence we have  delivered by eNB, caused by short DRX and long DRX is
1 — ¢~ Ton ds = (Ts —Ton)/2 anddy, = (T, — Ton)/2, respectively.
= ——— (13)  Finally, the overall wake up latency is

Hp.. When the UE is staté&’, the packet arrival process
is same as that of the statg, 1, i € [2, N]. Therefore d = psads + pradr. (19)
Hp = e MTs~Ton) :e s +1—e MTs—Ton), (14) Asds < di, thereforeads < d < ady, i.e. the wake up
1—e” latency d is upper bounded bwd; and lower bounded by
Hp. When UE is at staté,, there are also three cases fordg. Moreover, from (18) and (19) we can see that the power
packet arrival: (i) the packet arrives after the expiry@h saving factor and wake up latency tradeoff is affected by,
Duration with probability p;, r41; (ii) the packet arrives at which is different from the results in [3], [4].
the jth subframe ofon Duration with probability p£-™; (iii)
;iespaﬁiitczrgfid:;zi:heT(I)a]jtf%%Re;?dO%ﬁ %](\j,hib' IV. SIMULATION VALIDATION

Ty, _spr_s, WhereT/-ON is the state h0|d|ﬂ9 time when the To validate the proposed method, simulations are carried

packet arrives at thﬁth subframe of theOn Duration and out with a Matlab based simulator to compare the numerical

T1,_s is the state holding time when the packet arrived at th@sults with analytical results under different packetvair

ith subframe of the last sleep period. rates). The simulation parameters are chosen to represent a set
When UE is at statef/;, the probability that the packet ot reqlistic and valid set of DRX parameters as specified jn [6

arrived during sleep period of the last long DRX ¢ . .
p(T' < T, —gTON)p—pl — e~ (TL—Ton)A agd the p)r/gt;basblhty and to also satisfy the constraints thaty < T, Tony < 17,

that the Npacket arrives at theh subframe of the©n Duration and77z to be a multiple of’s. From Fig. 3, we can see that

is p O p(Tp —Ton+j—1<T <Tp —Ton+j) = the analytical results are very close to the simulated ones,
e - TON+J DA _e=(Tu=Ton+i)A j ¢ [1 TON] Similar to  Which verifies our method. Even when the packet arrival rate
the case off (Hy;_1), TL S_—1 andTL = j. With these is 1 packet/s, our model still accurately estimates the powe
results we have saving factor and wake up latency since in this scenario the
“ATL-ToN) _ —ATy probability that two packets arriving in the long DRX cycle
H, — € € +1— —MNTp-Ton) (15) | . .
L= Y 2 . is 0.03. We also compare the simulated and analytical mesult

under different varied DRX parameters as shown in Fig. 4- 8.
The state holding time for other states is obviols; = We observe that th&n Duration, Short DRX Cycle, andLong
Ts — Ton,i € [I,N], Hy1 = T, — Ton, and H,41 = DRX Cycle has stronger effect on the DRX performance than
T, —Ton. that of Inactivity Timer and DRX Short Cycle Timer.



1 — >0 1 — e—>on N 1 — o= ANTs
T = —(1 Ny + e Mo T +e (TO+TON>71 s (Ts — Ton) (20)
ATo4Ton) L — e MV DTs “A(To+T. N-1)Tg)\ € (IsTon) _ g=2Ts —X(Tg—T.
+ (e (To+Ton) T +e (To+Ton+( ) s))( T +l—c¢ (Ts ozv))
—XMTo+ToN+NTs+TL) —XTo+ToN+NTs) ,—XTrL—Ton) =T
—MNTo+ToN+NTs) € € € —€ —\NTp-Ton)
+ (e b+Ton s) 4 T (Tt —Ton) + =y ( o= +1-—e L=Ton)),

a stronger impact on the DRX performance tHaactivity
Timer and DRX Short Cycle Timer.
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