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  Abstract 

Energy consumption is one of the most vital obstacles which face wireless mobile 
communications to satisfy the User Equipment (UE) with great multimedia ser-
vices. Unfortunately, the UE battery energy is more absorbed with higher users' 
requirements. The Discontinuous Reception (DRX) sleep mode is introduced as an 
energy saving mechanism to turn off the UE radio transceiver circuit when no 
traffic arrival is indicated from the Base Station (BS). DRX sleep mode can be op-
erated in the Fourth Generation Long Term Evolution (4G LTE) and the Fifth Gen-
eration New Radio (5G NR) networks. In 4G LTE DRX networks, the original model 
is defined as LTE DRX (3-states). In 5G NR networks, the original model is defined 
as Hybrid Directional-DRX (HD-DRX (4-states)). To enhance the performance, ex-
ternal active states are added to each DRX cycle of the original models. Adding 
only one active state to the DRX short cycle produces the extended LTE DRX 
(4-states) and HD-DRX (5-states) models while adding another active state to the 
DRX long cycle, in addition to the added one to the DRX short cycle, produces the 
extended LTE DRX (5-states) and HD-DRX (6-states) models. A Semi-Markov 
chain model is used to describe the UE transition states based on the light traffic 
threshold value. In this paper, the performance of each extended model is evalu-
ated compared to its original model. Since energy saving and delay are highly 
trade-offs, the power saving factor and the average delay are the best common 
metrics to be measured. The extended LTE DRX models enhance the power saving 
factor by about (0.1 – 9) % compared to that of the original LTE DRX model. The 
extended HD-DRX models enhance the power saving factor by about (0.2 – 10) % 
compared to that of the original HD-DRX model. In spite of beam searching pro-
cess, the extended HD-DRX models reduce the average delay by about (8 – 6000) 
msec compared to that of the original HD-DRX model. At the end of this paper, 
there is another performance comparison between the LTE DRX and HD-DRX ex-
tended models scenarios. 
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1. Introduction 

Nowadays, modern User Equipment (UE) terminals are 
satisfied with great multimedia services such as Internet 
applications which require higher data transmission rate 
[1-3]. The higher data transmission rate, the higher Sig-
nal-to-Noise Ratio (SNR) is required by the UE. Thus, the 
Base Station (BS) will allocate a huge number of physical 
Radio Resource Blocks (RRBs) to the UEs which own a 
higher SNR [4-6]. Consequently, the UEs consume much 
energy from their battery charge. To overcome this issue, 
Discontinuous Reception (DRX) sleep mode is introduced 
in [7-10] as an energy saving mechanism to enable an 
idle UE when no traffic arrival is indicated from the BS. 
Traditionally, DRX sleep mode was proposed in the 
Fourth Generation Long Term Evolution (4G LTE) net-
works. Recently, it is developed in the Fifth Generation 
New Radio (5G NR) networks by the Third Generation 
Partnership Project (3GPP) [11]. In 4G LTE networks, the 
LTE DRX scenario is presented with UE transition states 
defined as active state, light sleep state and deep sleep 
state [12]. In 5G NR networks, the Hybrid Direction-
al-DRX scenario is also presented with UE transition 
states defined as active state, light sleep state, beam 
searching state and deep sleep state [13,14]. Active state 
has an inactivity timer which starts with traffic arrival 
indication and the sleep states have DRX short cycle and 
DRX long cycle timers [7-14]. 

 

 

 

In [12] and [13], LTE DRX and HD-DRX scenarios were 
proposed as original models defined as LTE DRX 
(3-states) and HD-DRX (4-states) respectively. External 
active states of each DRX cycle are being discussed to 
enhance the performance. This idea was firstly intro-
duced for LTE DRX scenario in [15]. This paper intro-
duces the external active states of each DRX cycle for 
HD-DRX scenario. By adding only one active state to the 
DRX short cycle of the original LTE DRX (3-states) and 
HD-DRX (4-states) models, the extended LTE DRX 
(4-states) and HD-DRX (5-states) models are resulted. By 
adding another active state to the DRX long cycle, in ad-
dition to the added one to the DRX short cycle, the ex-
tended LTE DRX (5-states) and HD-DRX (6-states) mod-
els are resulted. A Semi-Markov chain model is also used 
to describe the UE transition states based on the light 
traffic threshold value of extended models for both LTE 
DRX and HD-DRX scenarios. When the traffic arrival 
weight is greater than the light traffic threshold value, 
the UE leaves from DRX short/long cycle to the active 
state or beam searching state for LTE DRX and HD-DRX 
scenarios, respectively. Otherwise, the UE leaves from 
DRX short/long cycle to the extended active state. How-
ever the external active states have the same ON dura-
tion, the extended models improve the performance 
compared to the original models. To assign a perfor-
mance comparison, the power saving factor and the av-
erage delay are very essential to be obtained. For LTE 
DRX scenario, power saving factor is enough as delay can 
be ignored due to no beam searching process [16]. For 
HD-DRX scenario, both power saving factor and average 
delay are estimated due to beam searching process 
[13,14]. It is better to be mentioned that power saving 
and delay are highly trade-offs [6]. This paper can be 
organized as follows: Section 1 introduces the paper, 
Section 2 describes the system model and provides the 
mathematical analysis, Section 3 observes the analytical 
results and discussions and Section 4 concludes the pa-
per. 
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2. System Model and Mathematical Analysis 

2.1. System Model 

According to traffic which arrives within the ON periods 
of each DRX cycle, the UE can measure the traffic weight 
to determine if it is heavy or light based on the light traf-
fic threshold value [15]. If traffic arrival weight is greater 
than the light traffic threshold value, the traffic is con-
sidered as "Heavy". Otherwise, it is considered as "Light". 
A Semi-Markov chain model is recommended to describe 
the UE transition states based on probabilistic values 
[7-16]. There are two scenarios which draw these transi-
tion states. The first scenario is called LTE DRX and the 
second scenario is called HD-DRX. For LTE DRX scenario, 
the UE has three separated transition states as follows: 
active state (i.e. inactivity timer), light sleep state (i.e. 
DRX short cycle timer) and deep sleep state (i.e. DRX 
long cycle timer). For HD-DRX scenario, the UE has four 
separated transition states as follows: active state, light 
sleep state, beam searching state and deep sleep state 
with the same DRX timers of LTE DRX scenario. It is no-
ticeable that the beam searching state is the unique dif-
ferent state between the both scenarios. Consequently, 
the original models of both scenarios are defined as LTE 
DRX (3-states) and HD-DRX (4-states). External active 
states to the original model are translated into adding 
active states to each DRX cycle. When only one active 
state is added to the DRX short cycle, extended LTE DRX 
(4-states) and extended HD-DRX (5-states) models are 
produced. When another active state is added to the DRX 
long cycle, in addition to the added one to the DRX short 
cycle, extended LTE DRX (5-states) and extended 
HD-DRX (6-states) models are produced. With the aid of 
block diagram, Figure 1 illustrates the system model. 

 

 

 

 

 

 

 

 

    Figure 1. External Active States System Model 

2.1. Mathematical Analysis 

Based on the memory less property of the Semi-Markov 
chain model [7-16], the UE transition states probabilities 
are derived for both LTE DRX and HD-DRX scenarios. 
The original LTE DRX (3-states) and the original HD-DRX 
(4-states) models are described in Figure 2(a) and Figure 
2(b), respectively. Table 1 contains the definitions of all 
parameters appear in the mathematical analysis. The 
mathematical analysis of external active states to the 
original model can be divided into two other 
sub-sections as follows: 

  

(a) LTE DRX (3-states) 

Model 

(b) HD-DRX (4-states) 

Model 

Figure 2. Original Models Based on Semi-Markov Chain [13,14] 

2.2.1. LTE DRX Scenario Mathematical Analysis 

Figure 3 shows the extended LTE DRX (4-states) system 
model drawn by using of the Semi-Markov chain model. 
This extended model is derived from adding only one 
active state to the DRX short cycle of the original model. 
Four UE transition states of the extended LTE DRX 
(4-states) model are defined as the following: active 
state, light sleep state, deep sleep state and external ac-
tive state to the DRX short cycle state represented by 𝐒𝟏, 
𝐒𝟐, 𝐒𝟑 and 𝐒𝟒 respectively. 

 

 

 

 

 

Figure 3. Extended LTE DRX (4-states) Model Based on 
Semi-Markov Chain [15] 
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A packet call may arrive during 𝑺𝟏 before the inactivity 
timer 𝒕𝑰 is expired, the UE goes back to the same state 
𝑺𝟏 given as follows [12-16]: 

𝒑𝟏𝟏 = 𝑷𝒑𝒄(𝟏 −  𝒆
−𝝀𝒊𝒑𝒄𝒕𝑰) + 𝑷𝒔(𝟏 −  𝒆

−𝝀𝒊𝒔𝒕𝑰) (1) 

Where (𝒕𝒊𝒑𝒄 < 𝒕𝑰 and 𝒕𝒊𝒔 < 𝒕𝑰) 

Note that: 𝑷𝒑𝒄 = 𝟏 − 𝟏 𝝁𝒑𝒄⁄  and 𝑷𝒔 =
𝟏
𝝁𝒑𝒄⁄  where 

𝑷𝒑𝒄 is a packet call arrival probability during the current 

session and 𝑷𝒔 is a new session arrival probability. 

Otherwise, the UE leaves to the light sleep state 𝑺𝟐 giv-
en as follows [12-16]: 

𝒑𝟏𝟐 = 𝑷𝒑𝒄𝒆
−𝝀𝒊𝒑𝒄𝒕𝑰  + 𝑷𝒔 𝒆−𝝀𝒊𝒔𝒕𝑰  (2) 

Where (𝒕𝒊𝒑𝒄 > 𝒕𝑰 and 𝒕𝒊𝒔 > 𝒕𝑰) 

When the UE is indicated with a traffic arrival during the 
ON duration (𝒕𝑶𝑵) of each DRX short cycle 𝒕𝒔𝒄 in the 
light sleep state 𝑺𝟐, the UE measures the arrival traffic 
weight compared to the short light traffic threshold value 
𝑳𝑻𝒔𝒉𝒐𝒓𝒕. If the measured weight is greater than 𝑳𝑻𝒔𝒉𝒐𝒓𝒕, 
the UE leaves the light sleep state 𝑺𝟐 to the active state 
𝑺𝟏  with a transition probability 𝒑𝟐𝟏 given as follows 
[15]: 

𝒑𝟐𝟏 =  𝑷𝒑𝒄(𝟏 −  𝒆
−𝝀𝒊𝒑𝒄𝒕𝑵)𝑳𝑻𝒔𝒉𝒐𝒓𝒕+𝟏  +  𝑷𝒔(𝟏 −

 𝒆−𝝀𝒊𝒔𝒕𝑵)𝑳𝑻𝒔𝒉𝒐𝒓𝒕+𝟏 

(3) 

Otherwise, the UE leaves the light sleep state 𝑺𝟐 to the 
external active state to the DRX short cycle 𝑺𝟒 with a 
transition probability 𝒑𝟐𝟒 given as follows [15]: 

𝒑𝟐𝟒 = 𝟏 − 𝒑𝟐𝟏 − 𝒑𝟐𝟑 (4) 

  

At 𝑺𝟒 state, the UE can’t detect any path except from 𝑺𝟒 
to 𝑺𝟐. Therefore, the UE leaves the external active state 
𝑺𝟒 to the light sleep state 𝑺𝟐 with a transition probabil-
ity 𝒑𝟒𝟐 given as follows [15]: 

𝒑𝟒𝟐 = 𝟏 (5) 

At 𝑺𝟐 state, if no traffic arrival until DRX short cycle 
timer 𝒕𝑵 is expired, the UE leaves the light sleep state 
𝑺𝟐 to the deep sleep state 𝑺𝟑 with a transition proba-
bility 𝒑𝟐𝟑 given as follows [12-16]: 

𝒑𝟐𝟑 = 𝑷𝒑𝒄 𝒆−𝝀𝒊𝒑𝒄𝒕𝑵  + 𝑷𝒔 𝒆−𝝀𝒊𝒔𝒕𝑵  (6) 

At 𝑺𝟑 state, the UE sleeps for each DRX long cycle 𝒕𝒍𝒄 
until it wakes up during the ON duration 𝒕𝑶𝑵 or DRX 
long cycle 𝒕𝒍𝒄 is expired. Whether this or that, the UE 
leaves the deep sleep state 𝑺𝟑 to the active state 𝑺𝟏 
with a transition probability 𝒑𝟑𝟏 given as follows: 

𝒑𝟑𝟏 = 𝟏 (7) 

The UE mean holding time 𝑬[𝑯𝟏] at the active state 𝑺𝟏 
is expressed as follows [12-16]: 

𝑬[𝑯𝟏]  =  (
𝝁𝒑 − 𝟏

𝝀𝒑
)  +  (

𝑷𝒑𝒄

𝝀𝒊𝒑𝒄
)(𝟏 −  𝒆−𝝀𝒊𝒑𝒄𝒕𝑰)  

+  (
𝑷𝒔
𝝀𝒊𝒔
)(𝟏 −  𝒆−𝝀𝒊𝒔𝒕𝑰) 

(8) 

The UE mean holding time 𝑬[𝑯𝟐] at the light sleep state 
𝑺𝟐 is also expressed as follows [15]: 

𝑬[𝑯𝟐] = (𝒑𝟐𝟑(𝑵𝒔𝒄 + 𝑳𝑻𝒔𝒉𝒐𝒓𝒕) + 𝒑𝟐𝟏𝑬[𝑵𝒔𝒄
∗∗]

+ 𝒑𝟐𝟒𝑬[𝑵𝒔𝒄
∗ ])(𝒕𝒔𝒄 − 𝒕𝑶𝑵) 

(9) 

The mean value of 𝑵𝒔𝒄
∗  is derived as follows [12-16]: 

𝑬[𝑵𝒔𝒄
∗ ]  =  𝑷𝒑𝒄 [

𝟏 − 𝒆−𝝀 𝒊𝒑𝒄 𝑵𝒔𝒄 𝒕𝒔𝒄

𝟏 − 𝒆−𝝀 𝒊𝒑𝒄  𝒕𝒔𝒄

−  𝑵𝒔𝒄𝒆
−𝝀 𝒊𝒑𝒄 𝑵𝒔𝒄 𝒕𝒔𝒄]

+ 𝑷𝒔 [
𝟏 − 𝒆−𝝀 𝒊𝒔 𝑵𝒔𝒄 𝒕𝒔𝒄

𝟏 − 𝒆−𝝀 𝒊𝒔  𝒕𝒔𝒄

−  𝑵𝒔𝒄𝒆
−𝝀 𝒊𝒔 𝑵𝒔𝒄 𝒕𝒔𝒄] 

(10) 

The mean value of 𝑵𝒔𝒄
∗∗  is derived as follows [15]: 
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𝑬[𝑵𝒔𝒄
∗∗] =

𝑷𝒑𝒄

𝟏 − 𝒆
−𝝀𝒊𝒑𝒄𝒕𝑵(

𝑳𝑻𝒔𝒉𝒐𝒓𝒕+𝟏

𝑳𝑻𝒔𝒉𝒐𝒓𝒕+𝑵𝒔𝒄
)

+
𝑷𝒔

𝟏 − 𝒆
−𝝀𝒊𝒔𝒕𝑵(

𝑳𝑻𝒔𝒉𝒐𝒓𝒕+𝟏

𝑳𝑻𝒔𝒉𝒐𝒓𝒕+𝑵𝒔𝒄
)
 

(11) 

The UE mean holding time 𝑬[𝑯𝟑] at the deep sleep state 
𝑺𝟑 is expressed as follows [12-16]: 

𝑬[𝑯𝟑]  =  [
𝑷𝒑𝒄

𝟏 − 𝒆−𝝀 𝒊𝒑𝒄  𝒕𝒍𝒄
+ 

𝑷𝒔
𝟏 − 𝒆−𝝀 𝒊𝒔  𝒕𝒍𝒄

] (𝒕𝒍𝒄

− 𝒕𝑶𝑵) 

(12) 

The UE mean holding time 𝑬[𝑯𝟒] at the external active 
state to the DRX short cycle 𝑺𝟒 can be expressed as fol-
lows [12-16]: 

𝑬[𝑯𝟒] = (𝒑𝟒𝟐𝑬[𝑵𝒔𝒄
∗ ])𝒕𝑶𝑵 (13) 

Figure 4 shows the extended LTE DRX (5-states) system 
model drawn by using of the Semi-Markov chain model. 
This extended model is derived from adding another ac-
tive state to the DRX long cycle of the original model, in 
addition to the added one to the DRX short cycle. Five UE 
transition states of the extended LTE DRX (5-states) 
model are defined as the following: active state, light 
sleep state, deep sleep state, external active state to the 
DRX short cycle state and external active state to the DRX 
long cycle state represented by 𝑺𝟏, 𝑺𝟐, 𝑺𝟑, 𝑺𝟒 and 𝑺𝟓 
respectively. 

 

 

 

 

 

 

Figure 4. Extended LTE DRX (5-states) Model Based on 
Semi-Markov Chain [15] 

When the UE is indicated with a traffic arrival during the 
ON duration (𝒕𝑶𝑵) of each DRX long cycle 𝒕𝒍𝒄 in the deep 

sleep state 𝑺𝟑, the UE measures the arrival traffic weight 
compared to the long light traffic threshold value 𝑳𝑻𝒍𝒐𝒏𝒈. 

If the measured weight is greater than 𝑳𝑻𝒍𝒐𝒏𝒈, the UE 

leaves the deep sleep state 𝑺𝟑 to the active state 𝑺𝟏 
with a transition probability 𝒑𝟑𝟏 given as follows [15]: 

𝒑𝟑𝟏 = 𝑷𝒑𝒄(𝟏 − 𝒆
−𝝀𝒊𝒑𝒄𝒕𝒍𝒄)

𝑳𝑻𝒍𝒐𝒏𝒈+𝟏

+ 𝑷𝒔(𝟏 − 𝒆
−𝝀𝒊𝒔𝒕𝒍𝒄)

𝑳𝑻𝒍𝒐𝒏𝒈+𝟏
 

(14) 

 

Otherwise, the UE leaves the deep sleep state 𝑺𝟑 to the 
external active state 𝑺𝟓  with a transition probability 
𝒑𝟑𝟓 given as follows [15]: 

𝒑𝟑𝟓 = 𝟏 − 𝒑𝟑𝟏 (15) 

At 𝑺𝟓 state, the UE can’t detect any path except the path 
from the external active state 𝑺𝟓 to the deep sleep state 
𝑺𝟑  with a 𝒑𝟓𝟑 transition probability given as follows 
[15]: 

𝒑𝟓𝟑 = 𝟏    (16) 

Note that the transition probabilities 𝒑𝟏𝟏 , 𝒑𝟏𝟐 , 𝒑𝟐𝟏 , 
𝒑𝟐𝟒, 𝒑𝟒𝟐 and 𝒑𝟐𝟑 are the same as expressed by equa-
tions (1), (2), (3), (4), (5) and (6) respectively. Conse-
quently, 𝑬[𝑯𝟏], 𝑬[𝑯𝟐] and 𝑬[𝑯𝟒] are the same as ex-
pressed by equations (8), (9) and (13) respectively. 

While the UE mean holding time 𝑬[𝑯𝟑] at the deep sleep 
state 𝑺𝟑 is given as follows [15]: 

𝑬[𝑯𝟑] = (𝒑𝟑𝟓𝑬[𝑵𝒍𝒄
∗ ] + 𝒑𝟑𝟏𝑬[𝑵𝒍𝒄])(𝒕𝒍𝒄

− 𝒕𝑶𝑵) 
  (17) 

The mean value of 𝑬[𝑵𝒍𝒄] is given in [12-16] while the 
mean value of 𝑵𝒍𝒄

∗  can be derived as follows [15]: 

𝑬[𝑵𝒍𝒄
∗ ] =

𝑷𝒑𝒄

𝟏 − 𝒆
−𝝀𝒊𝒑𝒄𝒕𝒍𝒄(

𝑳𝑻𝒍𝒐𝒏𝒈

𝑳𝑻𝒍𝒐𝒏𝒈+𝟏
)

+
𝑷𝒔

𝟏 − 𝒆
−𝝀𝒊𝒔𝒕𝒍𝒄(

𝑳𝑻𝒍𝒐𝒏𝒈

𝑳𝑻𝒍𝒐𝒏𝒈+𝟏
)
 

 

  (18) 
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By substituting equation (18) into equation (17), 𝑬[𝑯𝟑] 
can be obtained. The UE mean holding time 𝑬[𝑯𝟓] at 
the external active state of the DRX long cycle 𝑺𝟓 is ex-
pressed as follows [15]: 

𝑬[𝑯𝟓] = (𝒑𝟓𝟑𝑬[𝑵𝒍𝒄
∗ ])𝒕𝑶𝑵 (19)  

The power saving factor 𝜸𝑳𝑻𝑬 𝑫𝑹𝑿 (𝟑−𝒔𝒕𝒂𝒕𝒆𝒔)  of original 

LTE DRX (3-states) model can be calculated as the fol-
lowing formula: 

𝜸𝑳𝑻𝑬 𝑫𝑹𝑿 (𝟑−𝒔𝒕𝒂𝒕𝒆𝒔) = 
𝛑𝟐𝑬[𝑯𝟐] + 𝛑𝟑𝑬[𝑯𝟑]

∑ 𝛑𝐢
𝟑
𝒊=𝟏 𝑬[𝑯𝒊]

 
(20)  

The power saving factor 𝜸𝑳𝑻𝑬 𝑫𝑹𝑿 (𝟒−𝒔𝒕𝒂𝒕𝒆𝒔) of extended 

LTE DRX (4-states) model can be calculated as the fol-
lowing formula: 

𝜸𝑳𝑻𝑬 𝑫𝑹𝑿 (𝟒−𝒔𝒕𝒂𝒕𝒆𝒔) = 
𝛑𝟐𝑬[𝑯𝟐] + 𝛑𝟑𝑬[𝑯𝟑]

∑ 𝛑𝐢
𝟒
𝒊=𝟏 𝑬[𝑯𝒊]

 
(21)  

The Power saving factor 𝜸𝑳𝑻𝑬 𝑫𝑹𝑿 (𝟓−𝒔𝒕𝒂𝒕𝒆𝒔) of extended 

LTE DRX (5-states) model can also be calculated as the 
following formula: 

𝜸𝑳𝑻𝑬 𝑫𝑹𝑿 (𝟓−𝒔𝒕𝒂𝒕𝒆𝒔) = 
𝝅𝟐𝑬[𝑯𝟐] + 𝝅𝟑𝑬[𝑯𝟑]

∑ 𝝅𝒊
𝟓
𝒊=𝟏 𝑬[𝑯𝒊]

 
(22)  

Where 𝝅𝒊 belongs to UE steady state probability at state 
𝑺𝒊. Due to stationary distribution evaluation, steady state 
probabilities are estimated by solving balance equation: 

𝛑𝒊 = ∑  𝛑𝒋
𝟑,𝟒 𝒐𝒓 𝟓
𝒋=𝟏 𝒑𝒋,𝒊 as 𝒊,𝒋 are transition states and the 

node equation: ∑ 𝛑𝒊
𝟑,𝟒 𝒐𝒓 𝟓
𝒊=𝟏 = 𝟏. Steady state probabilities 

of the extended models are calculated as follows [15]: 

𝜫𝑳𝑻𝑬 𝑫𝑹𝑿 (𝟒−𝒔𝒕𝒂𝒕𝒆𝒔) =

{
 
 
 
 

 
 
 
 𝝅𝟏 =

𝟏 − 𝒑𝟐𝟒
𝟏 − 𝒑𝟐𝟒 + 𝒑𝟏𝟐 + 𝒑𝟏𝟐𝒑𝟐𝟒 + 𝒑𝟏𝟐𝒑𝟐𝟑

𝝅𝟐 =
𝒑𝟏𝟐

𝟏 − 𝒑𝟐𝟒 + 𝒑𝟏𝟐 + 𝒑𝟏𝟐𝒑𝟐𝟒 + 𝒑𝟏𝟐𝒑𝟐𝟑

𝝅𝟑 =
𝒑𝟏𝟐𝒑𝟐𝟑

𝟏 − 𝒑𝟐𝟒 + 𝒑𝟏𝟐 + 𝒑𝟏𝟐𝒑𝟐𝟒 + 𝒑𝟏𝟐𝒑𝟐𝟑

𝝅𝟒 =
𝒑𝟏𝟐𝒑𝟐𝟒

𝟏 − 𝒑𝟐𝟒 + 𝒑𝟏𝟐 + 𝒑𝟏𝟐𝒑𝟐𝟒 + 𝒑𝟏𝟐𝒑𝟐𝟑

 

 

 

(23) 

𝜫𝑳𝑻𝑬 𝑫𝑹𝑿 (𝟓−𝒔𝒕𝒂𝒕𝒆𝒔)

=

{
 
 
 
 
 

 
 
 
 
 𝝅𝟏 =

(𝟏 − 𝒑𝟑𝟓)(𝟏 − 𝒑𝟐𝟒)

(𝟏 − 𝒑𝟑𝟓)(𝟏 − 𝒑𝟐𝟒) + 𝒑𝟏𝟐(𝟏 + 𝒑𝟐𝟒 + 𝒑𝟐𝟑 + 𝒑𝟐𝟑𝒑𝟑𝟓 − 𝒑𝟑𝟓 − 𝒑𝟐𝟒𝒑𝟑𝟓)

𝝅𝟐 =
𝒑𝟏𝟐(𝟏 − 𝒑𝟑𝟓)

(𝟏 − 𝒑𝟑𝟓)(𝟏 − 𝒑𝟐𝟒) + 𝒑𝟏𝟐(𝟏 + 𝒑𝟐𝟒 + 𝒑𝟐𝟑 + 𝒑𝟐𝟑𝒑𝟑𝟓 − 𝒑𝟑𝟓 − 𝒑𝟐𝟒𝒑𝟑𝟓)

𝝅𝟑 =
𝒑𝟏𝟐𝒑𝟐𝟑

(𝟏 − 𝒑𝟑𝟓)(𝟏 − 𝒑𝟐𝟒) + 𝒑𝟏𝟐(𝟏 + 𝒑𝟐𝟒 + 𝒑𝟐𝟑 + 𝒑𝟐𝟑𝒑𝟑𝟓 − 𝒑𝟑𝟓 − 𝒑𝟐𝟒𝒑𝟑𝟓)

𝝅𝟒 =
𝒑𝟏𝟐𝒑𝟐𝟒(𝟏 − 𝒑𝟑𝟓)

(𝟏 − 𝒑𝟑𝟓)(𝟏 − 𝒑𝟐𝟒) + 𝒑𝟏𝟐(𝟏 + 𝒑𝟐𝟒 + 𝒑𝟐𝟑 + 𝒑𝟐𝟑𝒑𝟑𝟓 − 𝒑𝟑𝟓 − 𝒑𝟐𝟒𝒑𝟑𝟓)

𝝅𝟓 =
𝒑𝟏𝟐𝒑𝟐𝟑𝒑𝟑𝟓

(𝟏 − 𝒑𝟑𝟓)(𝟏 − 𝒑𝟐𝟒) + 𝒑𝟏𝟐(𝟏 + 𝒑𝟐𝟒 + 𝒑𝟐𝟑 + 𝒑𝟐𝟑𝒑𝟑𝟓 − 𝒑𝟑𝟓 − 𝒑𝟐𝟒𝒑𝟑𝟓)

 

(24) 

Steady state probabilities of the original LTE DRX 
(3-states) model are given in [16]. 

2.2.2. HD-DRX Scenario Mathematical Analysis 

Figure 5 shows the extended HD-DRX (5-states) 
system model drawn by using of the Semi-Markov 
chain model. This extended model is derived from 
adding only one active state to the DRX short cycle 
of the original model. Five UE transition states of 
the extended HD-DRX (5-states) model are defined 
as the following: active state, light sleep state, beam 
searching state, deep sleep state and external active 
state to the DRX short cycle state represented by 
𝑺𝟏, 𝑺𝟐, 𝑺𝟑, 𝑺𝟒 and 𝑺𝟓 respectively. 

Figure 5 shows the extended HD-DRX (5-states) system 
model drawn by using of the Semi-Markov chain model. 
This extended model is derived from adding only one 
active state to the DRX short cycle of the original model. 
Five UE transition states of the extended HD-DRX 
(5-states) model are defined as the following: active 
state, light sleep state, beam searching state, deep sleep 
state and external active state to the DRX short cycle 
state represented by 𝑺𝟏 , 𝑺𝟐 , 𝑺𝟑 , 𝑺𝟒  and 𝑺𝟓  respec-
tively. 

 

 

 

 

Figure 5. Extended HD-DRX (5-states) Model Based on 
Semi-Markov Chain 
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When the UE is indicated with a traffic arrival during the 
ON duration 𝒕𝑶𝑵 of the DRX short cycle 𝒕𝒔𝒄 in the light 
sleep state 𝑺𝟐, the UE measures the traffic arrival weight 
compared to the short light traffic threshold value 
𝑳𝑻𝒔𝒉𝒐𝒓𝒕. If the measured weight is greater than 𝑳𝑻𝒔𝒉𝒐𝒓𝒕, 
the UE leaves the light sleep state 𝑺𝟐  to the beam 
searching state 𝑺𝟑 with the transition probability 𝒑𝟐𝟑 
as follows: 

𝒑𝟐𝟑 = 𝑷𝒑𝒄(𝟏 − 𝒆
−𝝀𝒊𝒑𝒄𝒕𝑵)

𝑳𝑻𝒔𝒉𝒐𝒓𝒕+𝟏

+ 𝑷𝒔(𝟏 − 𝒆
−𝝀𝒊𝒔𝒕𝑵)

𝑳𝑻𝒔𝒉𝒐𝒓𝒕+𝟏
 

(25) 

Otherwise, the UE doesn’t go to the beam searching state 
𝑺𝟑 because it is not necessary to perform beam search-
ing and alignment for traffic lower than 𝑳𝑻𝒔𝒉𝒐𝒓𝒕 as it is 
dissipated power without many benefits. Therefore, the 
UE will leave 𝑺𝟐 state to the external active state of DRX 
short cycle 𝑺𝟓 so that it can be enabled to receive the 
light data traffic with a transition probability 𝒑𝟐𝟓  as 
follows: 

𝒑𝟐𝟓 = 𝟏 − 𝒑𝟐𝟑 − 𝒑𝟐𝟒 (26) 

At 𝑺𝟓 state, the UE can’t detect any path to leave except 
the path from 𝑺𝟓 to 𝑺𝟐 with a transition probability 
𝒑𝟓𝟐 expressed as follows: 

𝒑𝟓𝟐 = 𝟏 (27) 

When the UE is not indicated with traffic after DRX short 
cycle timer 𝒕𝑵 is expired, the UE leaves from 𝑺𝟐 to the 
deep sleep state 𝑺𝟒 with a transition probability 𝒑𝟐𝟒 as 
follows: 

𝒑𝟐𝟒 = 𝑷𝒑𝒄𝒆
−𝝀𝒊𝒑𝒄𝒕𝑵 + 𝑷𝒔𝒆

−𝝀𝒊𝒔𝒕𝑵  (28) 

At 𝑺𝟒 state, the UE will be asleep for a longer period 
compared to 𝑺𝟐 until either the UE wakes up during the 
ON duration 𝒕𝑶𝑵 or DRX long cycle 𝒕𝒍𝒄 is expired. Then, 
the UE must leave 𝑺𝟒 to 𝑺𝟑 to perform beam searching 
and alignment as follows: 

𝒑𝟒𝟑 = 𝟏 (29) 

After the beam searching and alignment procedure, the 

UE leaves the beam searching state 𝑺𝟑 to the active 
state 𝑺𝟏 as follows: 

𝒑𝟑𝟏 = 𝟏 (30) 

Note that 𝒑𝟏𝟏 and 𝒑𝟏𝟏 are still expressed as in equa-
tions (1) and (2), respectively. 

The UE mean holding time 𝑬[𝑯𝟏] at sate 𝑺𝟏 is given as 
follows [12-16]: 

𝑬[𝑯𝟏] =
𝝁𝒑 − 𝟏

𝝀𝒊𝒑
+
𝑷𝒑𝒄

𝝀𝒊𝒑𝒄
(𝟏 − 𝒆−𝝀𝒊𝒑𝒄𝒕𝑰)

+
𝑷𝒔
𝝀𝒊𝒔

(𝟏 − 𝒆−𝝀𝒊𝒔𝒕𝑰) 

(31) 

The UE mean holding time 𝑬[𝑯𝟐] at state 𝑺𝟐 is derived 
as follows: 

𝑬[𝑯𝟐] = (𝒑𝟐𝟑𝑬[𝑵𝒔𝒄
∗∗] + 𝒑𝟐𝟒(𝑵𝒔𝒄 + 𝑳𝑻𝒔𝒉𝒐𝒓𝒕)
+ 𝒑𝟐𝟓𝑬[𝑵𝒔𝒄

∗ ])(𝒕𝒔𝒄 − 𝒕𝑶𝑵) 
(32) 

𝑬[𝑵𝒔𝒄
∗ ] is still expressed as in equation (10). 𝑬[𝑵𝒔𝒄

∗∗] can 
be also geometrically distributed as follows: 

𝑬[𝑵𝒔𝒄
∗∗] = 𝑷𝒑𝒄 [

𝟏−𝒆
−𝝀𝒊𝒑𝒄𝒕𝑵(

𝑳𝑻𝒔𝒉𝒐𝒓𝒕+𝟏
𝑳𝑻𝒔𝒉𝒐𝒓𝒕+𝑵𝒔𝒄

)

𝟏−𝒆
−𝝀𝒊𝒑𝒄𝒕𝒔𝒄

−

𝑵𝒔𝒄𝒆
−𝝀𝒊𝒑𝒄𝒕𝑵(

𝑳𝑻𝒔𝒉𝒐𝒓𝒕+𝟏

𝑳𝑻𝒔𝒉𝒐𝒓𝒕+𝑵𝒔𝒄
)
] +

𝑷𝒔 [
𝟏−𝒆

−𝝀𝒊𝒔𝒕𝑵(
𝑳𝑻𝒔𝒉𝒐𝒓𝒕+𝟏
𝑳𝑻𝒔𝒉𝒐𝒓𝒕+𝑵𝒔𝒄

)

𝟏−𝒆−𝝀𝒊𝒔𝒕𝒔𝒄
−𝑵𝒔𝒄𝒆

−𝝀𝒊𝒔𝒕𝑵(
𝑳𝑻𝒔𝒉𝒐𝒓𝒕+𝟏

𝑳𝑻𝒔𝒉𝒐𝒓𝒕+𝑵𝒔𝒄
)
] 

(33)  

𝑬[𝑯𝟐] can be calculated by substitiuting of equations 
(10) and (33) into equation (32). 

The UE mean holding time 𝑬[𝑯𝟑] at the beam searching 
state 𝑺𝟑is given as follows [13,14]: 

𝑬[𝑯𝟑] = 𝑷𝒑𝒄
(𝟏 − 𝒆−𝝀𝒊𝒑𝒄𝒕𝒃𝒔)

𝝀𝒊𝒑𝒄
+ 𝑷𝒔

(𝟏 − 𝒆−𝝀𝒊𝒔𝒕𝒃𝒔)

𝝀𝒊𝒔
 

(34) 
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The UE mean holding time 𝑬[𝑯𝟒] at the deep sleep state 
𝑺𝟒 is given as follows [12-16]: 

𝑬[𝑯𝟒] = 𝑬[𝑵𝒍𝒄](𝒕𝒍𝒄 − 𝒕𝑶𝑵)  (35) 

The UE mean holding time 𝑬[𝑯𝟓] at the external active 
state of DRX short cycle 𝑺𝟓 can be expressed as follows: 

𝑬[𝑯𝟓] = (𝒑𝟓𝟐𝑬[𝑵𝒔𝒄
∗ ])𝒕𝑶𝑵 (36) 

Figure 6 shows the extended HD-DRX (6-states) system 
model by using of the Semi-Markov chain model. This 
extended model is derived from adding another active 
state to the DRX long cycle of the original model, in addi-
tion to the added one to the DRX short cycle. Six UE tran-
sition states of the extended HD-DRX (6-states) model 
are defined as the following: active state, light sleep state, 
beam searching state, deep sleep state, external active 
state to the DRX short cycle state and external active 
state to the DRX long cycle state represented by 𝑺𝟏, 𝑺𝟐, 
𝑺𝟑, 𝑺𝟒 and 𝑺𝟓 respectively. 

 

 

 

 

 

Figure 6. Extended HD-DRX (6-states) Model Based on 
Semi-Markov Chain 

When the UE is indicated with a traffic arrival during the 
ON duration 𝒕𝑶𝑵 of the DRX long cycle 𝒕𝒍𝒄 in the deep 
sleep state 𝑺𝟒, the UE measures the traffic arrival weight 
compared to the long light traffic threshold value 𝑳𝑻𝒍𝒐𝒏𝒈. 

If the measured weight is greater than 𝑳𝑻𝒍𝒐𝒏𝒈, the UE 

leaves the deep sleep state 𝑺𝟒 to the beam searching 
state 𝑺𝟑  with the a transition probability 𝒑𝟒𝟑 as fol-
lows: 

𝒑𝟒𝟑 = 𝑷𝒑𝒄(𝟏 − 𝒆
−𝝀𝒊𝒑𝒄𝒕𝒍𝒄)

𝑳𝑻𝒍𝒐𝒏𝒈+𝟏

+ 𝑷𝒔(𝟏 − 𝒆
−𝝀𝒊𝒔𝒕𝒍𝒄)

𝑳𝑻𝒍𝒐𝒏𝒈+𝟏
 

(37) 

Otherwise, the UE doesn’t go to the beam searching state 
𝑺𝟑 because it is not necessary to perform beam search-
ing and alignment process for traffic lower than 𝑳𝑻𝒍𝒐𝒏𝒈 

as it is dissipated power without many benefits. There-
fore, the UE will leave from 𝑺𝟒 to the external active 
state to DRX long cycle 𝑺𝟔 with a transition probability 
𝒑𝟒𝟔 as follows: 

𝒑𝟒𝟔 = 𝟏 − 𝒑𝟒𝟑 (38) 

At 𝑺𝟔, the UE can’t detect any path to leave except from 
𝑺𝟔 to 𝑺𝟒 with a transition probability 𝒑𝟔𝟒 expressed as 
follows: 
 

𝒑𝟔𝟒 = 𝟏 (39) 

Note that 𝒑𝟏𝟏 and 𝒑𝟏𝟏 are still expressed as in equa-
tions (1) and (2), respectively. 𝑬[𝑯𝟏], 𝑬[𝑯𝟐] and 𝑬[𝑯𝟐] 
are also still expressed as in equations (31), (32) and 
(34), respectively.  

The UE mean holding time 𝑬[𝑯𝟒] at the deep sleep state 
𝑺𝟒 must be expressed as follows: 

𝑬[𝑯𝟒] = (𝒑𝟒𝟔𝑬[𝑵𝒍𝒄
∗ ] + 𝒑𝟒𝟑𝑬[𝑵𝒍𝒄])(𝒕𝒍𝒄 − 𝒕𝑶𝑵) (40) 

The mean value of 𝑵𝒍𝒄
∗  can be expressed as follows: 

𝑬[𝑵𝒍𝒄
∗ ] =

𝑷𝒑𝒄

𝟏 − 𝒆
−𝝀𝒊𝒑𝒄𝒕𝒍𝒄(

𝑳𝑻𝒍𝒐𝒏𝒈

𝑳𝑻𝒍𝒐𝒏𝒈+𝟏
)

+
𝑷𝒔

𝟏 − 𝒆
−𝝀𝒊𝒔𝒕𝒍𝒄(

𝑳𝑻𝒍𝒐𝒏𝒈

𝑳𝑻𝒍𝒐𝒏𝒈+𝟏
)
 

 

(41) 

𝑬[𝑯𝟓] is still expressed as given by equation (36). 

The UE mean holding time 𝑬[𝑯𝟔] at the external active 
state of DRX long cycle can be expressed as follows: 

𝑬[𝑯𝟔] = (𝒑𝟔𝟒𝑬[𝑵𝒍𝒄
∗ ])𝒕𝑶𝑵 (42) 

The power saving factor of original HD-DRX (4-states) 
model can be given by the following formula as follows 
[13,14]: 
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𝜸𝑯𝑫−𝑫𝑹𝑿 (𝟒−𝒔𝒕𝒂𝒕𝒆𝒔) = 
𝛑𝟐𝑬[𝑯𝟐] + 𝛑𝟑𝑬[𝑯𝟑]

∑ 𝛑𝐢
𝟒
𝒊=𝟏 𝑬[𝑯𝒊]

 
(43) 

The power saving factor of the extended HD-DRX 
(5-states) model can be derived as follows: 

𝜸𝑯𝑫−𝑫𝑹𝑿 (𝟓−𝒔𝒕𝒂𝒕𝒆𝒔) = 
𝛑𝟐𝑬[𝑯𝟐] + 𝛑𝟑𝑬[𝑯𝟑]

∑ 𝛑𝐢
𝟓
𝒊=𝟏 𝑬[𝑯𝒊]

 
(44) 

The power saving factor of the extended HD-DRX 
(6-states) model can be derived as follows: 

𝜸𝑯𝑫−𝑫𝑹𝑿 (𝟔−𝒔𝒕𝒂𝒕𝒆𝒔) = 
𝛑𝟐𝑬[𝑯𝟐] + 𝛑𝟑𝑬[𝑯𝟑]

∑ 𝛑𝐢
𝟔
𝒊=𝟏 𝑬[𝑯𝒊]

 
(45) 

Similar to LTE DRX scenario mathematical analysis, 
steady state probabilities are calculated as the following 
equations: 

𝜫𝑯𝑫−𝑫𝑹𝑿 (𝟒−𝒔𝒕𝒂𝒕𝒆𝒔) =  

{
  
 

  
 𝝅𝟏 =

𝟏

𝟏+𝒑𝟏𝟐(𝟏+𝒑𝟐𝟑+𝒑𝟐𝟒+𝒑𝟐𝟒𝒑𝟒𝟑)

𝝅𝟐 =
𝒑𝟏𝟐

𝟏+𝒑𝟏𝟐(𝟏+𝒑𝟐𝟑+𝒑𝟐𝟒+𝒑𝟐𝟒𝒑𝟒𝟑)

𝝅𝟑 =
𝒑𝟏𝟐(𝒑𝟐𝟑+𝒑𝟐𝟒𝒑𝟒𝟑)

𝟏+𝒑𝟏𝟐(𝟏+𝒑𝟐𝟑+𝒑𝟐𝟒+𝒑𝟐𝟒𝒑𝟒𝟑)

𝝅𝟒 =
𝒑𝟏𝟐𝒑𝟐𝟒

𝟏+𝒑𝟏𝟐(𝟏+𝒑𝟐𝟑+𝒑𝟐𝟒+𝒑𝟐𝟒𝒑𝟒𝟑)

 

 

(46) 

 

𝜫𝑯𝑫−𝑫𝑹𝑿 (𝟓−𝒔𝒕𝒂𝒕𝒆𝒔)

=

{
 
 

 
 
𝝅𝟏 = 𝝅𝟏𝒑𝟏𝟏 +𝝅𝟑𝒑𝟑𝟏
𝝅𝟐 = 𝝅𝟏𝒑𝟏𝟐 +𝝅𝟓𝒑𝟓𝟐
𝝅𝟑 = 𝝅𝟐𝒑𝟐𝟑 +𝝅𝟒𝒑𝟒𝟑

𝝅𝟒 = 𝝅𝟐𝒑𝟐𝟒
𝝅𝟓 = 𝝅𝟐𝒑𝟐𝟓

 

 

      (47) 

However the power saving is achieved; the delay cost 
due to longer sleep durations is existed. The traffic arri-
val within the active mode comes at the exact time 
[6,13,14] while the reason for delay is the sleep mode 
since the UE waits until it wakes up to check if a traffic 
arrival or not. Time that UE waits is defined as ''Wake-Up 
delay" [6,13,14]. Not only the both sleep states (light and 
deep) cause delay but also the beam searching state 
causes a delay due to the buffered packets at the Base 
Station. 𝜹𝟐,  𝜹𝟑 and 𝜹𝟒  are average delay due to light 
sleep, beam searching and deep sleep states respective-

ly. 𝑷𝑺𝟐, 𝑷𝑺𝟑 and 𝑷𝑺𝟒 are a packet call arrival probabil-
ities during light sleep state 𝑺𝟐, beam searching state 𝑺𝟑 
and deep sleep state 𝑺𝟒 respectively. The main mathe-
matical equation of the average delay for the original and 
extended models can be put at the following form 
[13,14]: 

𝑬[𝑫] = (𝜹𝟐 × 𝑷𝑺𝟐) + (𝜹𝟑 × 𝑷𝑺𝟑)
+ (𝜹𝟒 × 𝑷𝑺𝟒) 

(48) 

𝜹 and 𝑷𝑺 of the original HD-DRX (4-states) model are 
given in our approach in [14]. 

For the extended HD-DRX (5-states) and the extended 
HD-DRX (6-states) models, 𝑷𝑺𝟐  and 𝑷𝑺𝟒  can be de-
rived as the following formulas: 

𝑷𝑺𝟑 is taken from [13,14]. 

3. Analytical Results and Discussions 
In this section, external active states to the original mod-

el are analysed through adding one active state to each 

DRX cycle based on the light traffic threshold value. For 

adding one active state to the DRX short cycle, extended 

models are derived as LTE DRX (4-states) and HD-DRX 

(5-states). For adding another active state to the DRX 

long cycle, extended models are derived as LTE DRX 

(5-states) and HD-DRX (6-states). Power saving factor 

and average delay are the most common measurements 

estimated to verify the system model success. Moreover, 

improvement percentages of the extended models com-

pared to the original model are calculated to distinguish 

which model is better. For LTE DRX scenario, delay may 

be ignored since beam searching job is not present then 

power saving factor is only measured. For HD-DRX sce-

nario, delay is a major trade-off since the beam searching 

state is essential then power saving factor and average 

delay are both measured. At the end of this paper, a per-

formance comparison is assigned between the LTE DRX 

and HD-DRX scenarios. European Telecommunications 

Standards Institute (ETSI) web traffic model parameters 

are considered [16]. A MATLAB simulation program is a 

software tool to perform this assignment. Table 1 gives 

the simulation parameters used in this paper. This sec-
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tion is divided into two sub-sections as follows: 

Table 1. Simulation Used Parameters in the Paper 

Parameter Distribution Mean Value 

Inter-Session Idle Time, 𝒕𝒊𝒔 Exponential 2000 sec 

Inter-Session Arrival Rate, 𝝀𝒊𝒔 Exponential 1/2000 

Inter-Packet Call Idle Time, 𝒕𝒊𝒑𝒄 Exponential 30 sec 

Inter-Packet Call Arrival Rate, 𝝀𝒊𝒑𝒄 Exponential 1/30 

Number of Packet Calls per a 
Session,  𝑵𝒑𝒄 

Geometric µ𝒑𝒄 = 5 

Number of Packets per a Packet 
Call, 𝑵𝒑 

Geometric µ𝑷 = 25 

Inter-Packet Arrival Time, 𝒕𝒊𝒑 Exponential 0.1 sec 

Inter-Packet Arrival Rate, 𝝀𝒊𝒑 Exponential 10 

DRX Inactivity Timer, 𝒕𝑰 Exponential 2 sec 

DRX Short Cycle, 𝒕𝒔𝒄 Exponential 2 sec 

DRX Long Cycle, 𝒕𝒍𝒄 Exponential 10 sec 

ON Duration, 𝒕𝑶𝑵 Exponential 100  msec 

DRX Short Cycle Timer, 𝒕𝑵 Exponential 10  sec 

Light Traffic Threshold Values, 
(𝑳𝑻𝒔𝒉𝒐𝒓𝒕, 𝑳𝑻𝒍𝒐𝒏𝒈) 

Random 3,5 

Beam Searching Period, 𝒕𝒃𝒔 Deterministic 288 msec 

3.1. LTE DRX Scenario Analytical Results 

In this sub-section, extended LTE DRX (4-states) and 
extended LTE DRX (5-states) models are evaluated 
compared to the original LTE DRX (3-states) model due 
to the power saving factor based on the light traffic 
threshold value, 𝑳𝑻𝒔𝒉𝒐𝒓𝒕 and 𝑳𝑻𝒍𝒐𝒏𝒈. 

Figure 7 shows the impact of external active states 
added to the original LTE DRX (3-states) model on the 
DRX short cycle power saving factor under different 
values of the light traffic threshold, 𝑳𝑻𝒔𝒉𝒐𝒓𝒕  and 
𝑳𝑻𝒍𝒐𝒏𝒈. As the DRX short cycle 𝒕𝒔𝒄 increases, the pow-

er saving factor is exponentially increased. LTE DRX 
(4-states) model enhances the DRX short cycle power 
saving factor by about (0.3 – 0.9) % compared to the 
original LTE DRX (3-states) model. By using (𝑳𝑻𝒔𝒉𝒐𝒓𝒕 =
𝟓), the LTE DRX (4-states) model can achieve better 
performance than that achieved by using (𝑳𝑻𝒔𝒉𝒐𝒓𝒕 = 𝟑). 
LTE DRX (5-states) model can also enhance the DRX 
short cycle power saving factor but with higher per-
formance since it enhances the power saving factor by 
about 0.3 % compared to the original LTE DRX 
(3-states) model. Results seem to be linear due to the 
minor impact of the DRX short cycle on the power sav-
ing factor. 

 

 

 

 

 

 

Figure 7. Extended LTE DRX Short Cycle Power Saving Factor 
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Figure 8 shows the impact of external active states 
added to the original LTE DRX (3-states) model on the 
DRX long cycle power saving factor under different 
values of the light traffic threshold, 𝑳𝑻𝒔𝒉𝒐𝒓𝒕  and 
𝑳𝑻𝒍𝒐𝒏𝒈. As the DRX long cycle 𝒕𝒍𝒄 increases, the power 

saving factor is exponentially increased but with high-
er results than that done by the DRX short cycle power 
saving factor since the UE is asleep for a longer dura-
tion. LTE DRX (4-states) model enhances the DRX long 
cycle power saving factor by about 0.3 %  compared 
to the original LTE DRX (3-states) model. By using 
( 𝑳𝑻𝒔𝒉𝒐𝒓𝒕 = 𝟓 ), the LTE DRX (4-states) model can 
achieve minor better performance than that achieved 
by using (𝑳𝑻𝒔𝒉𝒐𝒓𝒕 = 𝟑). LTE DRX (5-states) model en-
hances the DRX long cycle power saving factor by 
about 0.8 % compared to the original LTE DRX 
(3-states) model. The degradation of the power saving 
factor, at the first slots of DRX long cycle in LTE DRX 
(5-states) model, is due to the impact of two external 
active states during UE longer sleep durations. Results 
seem to be non-linear compared to DRX short cycle 
results due to the major impact of DRX long cycle on 
the power saving factor. 

 

 

 

 

 

Figure 8. Extended LTE DRX Long Cycle Power Saving Factor 

Figure 9 shows the impact of external active states added to 

the original LTE DRX (3-states) model on the inactivity 

timer power saving factor under different values of the light 

traffic threshold, 𝐿𝑇𝑠ℎ𝑜𝑟𝑡  and 𝐿𝑇𝑙𝑜𝑛𝑔 . As the inactivity 

timer 𝑡𝐼 increases, this means the start of data traffic arrival 

from the eNodeB and the extension of the listening window 

by the UE. Therefore, the power saving factor is 

exponentially decreased. However the inactivity timer power 

saving factor is reduced, the external active states enhanced 

it compared to the original LTE DRX (3-states) model. As 

shown in this figure, the LTE DRX (4-states) model 

enhances the inactivity timer power saving factor by about 

(0.3 – 0.9) % compared to the original LTE DRX (3-states) 

model. By using (𝐿𝑇𝑠ℎ𝑜𝑟𝑡 = 5), the LTE DRX (4-states) 

model achieves minor better performance than that achieved 

by using ( 𝐿𝑇𝑠ℎ𝑜𝑟𝑡 = 3 ). LTE DRX (5-states) model 

enhances the inactivity timer power saving factor by about 

(0.1 – 9) %  compared to the original LTE DRX (3-states) 

model. Due to the minor impact of the inactivity timer on the 

power saving factor, the results are very convergent because 

of adding two active states, especially for LTE DRX 

(5-states) model. It is noticeable that the linearity of the 

results is related to the same reason. 

      Figure 9. Extended LTE Inactivity Timer Power Saving 
Factor 

Table 2 and Table 3 provide the numerical results of 
the power saving factor and the improvement per-
centages, respectively. 

Table 2. LTE DRX Power Saving Factor Numerical Results 
(Original Model and Extended Model) 

Model DRX Short Cycle, 
𝐭𝐬𝐜 (%) 

DRX Long Cycle, 
𝐭𝐥𝐜 (%) 

Inactivity Timer, 
𝐭𝐈 (%) 

𝐋𝐓𝐬𝐡𝐨𝐫𝐭 𝐋𝐓𝐥𝐨𝐧𝐠 

LTE DRX 
(4-states) 

98.9489-99.0220 98.8509-98.9942 99.2091-90.1546 3 - 

LTE DRX 
(4-states) 

98.9575-99.0620 98.8656-99.0062 99.2186-90.2644 5 - 

LTE DRX 
(5-states) 

98.9937-98.9945 90.0000-99.4764 98.9962-98.9286 3 3 

LTE DRX 
(5-states) 

98.9994-98.9995 90.0000-99.5765 98.9997-98.9936 3 5 

LTE DRX 
(5-states) 

98.9938-98.9949 90.0000-99.4781 98.9963-98.9291 5 3 

LTE DRX 
(5-states) 

98.9994-98.9995 90.0000-99.5773 98.9997-98.9936 5 5 

Original 
LTE DRX 
(3-states) 

98.6511-98.6549 98.5076-98.6959 98.8415-89.3312 - - 

 

 

Table 3. LTE DRX Power Saving Improvement Percentages 
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Numerical Results (Original Model Compared to Extended 
Model) 

Model DRX Short Cycle, 
𝐭𝐬𝐜 (%) 

DRX Long Cycle, 
𝐭𝐥𝐜 (%) 

Inactivity Timer, 
𝐭𝐈 (%) 

𝐋𝐓𝐬𝐡𝐨𝐫𝐭 𝐋𝐓𝐥𝐨𝐧𝐠 

LTE DRX 
(4-states) 

0.2978-0.3671 0.2983-0.3433 0.3676-0.8234 3 - 

LTE DRX 
(4-states) 

0.3064-0.9651 0.3103-0.3580 0.3771-0.9332 5 - 

LTE DRX 
(5-states) 

0.3396-0.3426 Reaches to 
0.7805 

0.1547-9.5974 3 3 

LTE DRX 
(5-states) 

0.3446-0.3483 Reaches to 
0.8806 

0.1582-9.6624 3 5 

LTE DRX 
(5-states) 

0.3400-0.3427 Reaches to 
0.7822 

0.1548-9.5979 5 3 

LTE DRX 
(5-states) 

0.3446-0.3483 Reaches to 
0.8814 

0.1582-9.6624 5 5 

Better Model LTE DRX 
(5-states) 

LTE DRX 
(5-states) 

LTE DRX 
(5-states) 

5 5 

 

3.2. HD-DRX Scenario Analytical Results 

In this sub-section, extended HD-DRX (5-states) and ex-
tended HD-DRX (6-states) models are evaluated com-
pared to the original HD-DRX (4-states) model due to 
both the power saving factor and the average delay 
based on the light traffic threshold value, 𝑳𝑻𝒔𝒉𝒐𝒓𝒕 and 
𝑳𝑻𝒍𝒐𝒏𝒈 . This sub-section is divided into two other 

sub-sections as follows: 

3.2.1. Power Saving Factor 

Figure 10 shows the impact of external active states 

added to the original HD-DRX (4-states) model on the 

DRX cycle parameters power saving factor under differ-

ent values of the light traffic threshold, 𝐿𝑇𝑠ℎ𝑜𝑟𝑡  and 

𝐿𝑇𝑙𝑜𝑛𝑔  in dB representation. Table 4 provides the power 

saving factor numerical results for the original HD-DRX 

(4-states), extended HD-DRX (5-states) and extended 

HD-DRX (6-states) models. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. DRX Cycle Parameters Power Saving Factor for 

Original and Extended HD-DRX Models 

Table 4. HD-DRX Power Saving Factor Numerical Results 
(Original Model and Extended Models 

Model DRX Short Cycle, 𝑡𝑠𝑐 

(%) 

DRX Long Cycle, 𝑡𝑙𝑐 

(%) 

Inactivity Timer, 𝑡𝐼 

(%) 

𝐿𝑇𝑠ℎ𝑜𝑟𝑡  𝐿𝑇𝑙𝑜𝑛𝑔  

HD-DRX 

(5-states) 

98.8837-98.9610 98.7795-98.9315 99.1233-94.5809 3 - 

HD-DRX 

(5-states) 

98.8873-98.9983 98.7879-98.9380 99.1296-94.6162 5 - 

HD-DRX 

(6-states) 

98.9998-99.0001 90.0480-99.6535 99.0009-98.9816 3 3 

HD-DRX 

(6-states) 

99.0005-99.0008 90.0479-99.6610 99.0018-98.9803 3 5 

HD-DRX 

(6-states) 

98.9998-99.0002 90.0468-99.6535 99.0008-98.9815 5 3 

HD-DRX 

(6-states) 

99.0005-99.0010 90.0466-99.6609 99.0016-98.9802 5 5 

Original 

HD-DRX 

(4-states) 

98.5679-98.5720 98.4157-98.6155 98.7948-88.8934 5 5 

 

Figure 11 shows the power saving factor improvement 

percentages for the extended HD-DRX (5-states) and 

HD-DRX (6-states) models compared to the original 

HD-DRX (4-states) model in dB representation. Table 5 

clarifies these improvement percentages of each ex-

tended model compared to the original one.  
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Figure 11 DRX Cycle Parameters Power Saving Improvement 

Percentages of Extended Models Compared to Original Model 

Table 5. HD-DRX Power Saving Improvement Percentages 
Numerical Results (Original Model Compared to Extended 

Model) 

Model DRX Short 

Cycle, 𝒕𝒔𝒄 

(%) 

DRX Long 

Cycle, 𝒕𝒍𝒄 

(%) 

Inactivity 

Timer, 𝒕𝑰 

(%) 

𝑳𝑻𝒔𝒉𝒐𝒓𝒕 𝑳𝑻𝒍𝒐𝒏𝒈 

HD-DRX 

(5-states) 

0.3158-0.3890 0.3160-0.3638 
0.3285-5.6875 

3 - 

HD-DRX 

(5-states) 

0.3194-0.4263 0.3225-0.3722 
0.3348-5.7228 

5 - 

HD-DRX 

(6-states) 

0.4281-0.4319 Reaches to 

1.0380 

0.2061-10.0882 
3 3 

HD-DRX 

(6-states) 

0.4288-0.4326 Reaches to 

1.0455 

0.2070-10.0869 
3 5 

HD-DRX 

(6-states) 

0.4282-0.4319 Reaches to 

1.0380 

0.2060-10.0881 
5 3 

HD-DRX 

(6-states) 

0.4290-0.4326 Reaches to 

1.0454 

0.2068-10.0868 
5 5 

Better Model HD-DRX 

(6-states) 

HD-DRX 

(6-states) 

HD-DRX 

(6-states) 
5 5 

 

3.2.2. Average Delay 

Table 6 provides the average delay numerical results of 

the original HD-DRX (4-states), extended HD-DRX 

(5-states), extended HD-DRX (6-states) models. This ta-

ble can also indicate which model is better for delay. 

 

 

 

Table 6. HD-DRX Average Delay Numerical Results (Original 
Model and Extended Model) 

Model DRX Short 

Cycle, 𝒕𝒔𝒄 (sec) 

DRX Long 

Cycle, 𝒕𝒍𝒄 (sec) 

Inactivity 

Timer, 𝒕𝑰 (sec) 

𝑳𝑻𝒔𝒉𝒐𝒓𝒕 𝑳𝑻𝒍𝒐𝒏𝒈 

HD-DRX (5-states) 0.8593-0.9145 0.0138-6.4614 
0.8851-0.4773 

3 - 

HD-DRX (5-states) 0.8594-0.8900 0.0136-6.4612 
0.8849-0.4773 

5 - 

HD-DRX (6-states) 0.2232-0.2784 0.0090-1.0044 
0.2326-0.1352 

3 3 

HD-DRX (6-states) 0.1059-0.1611 0.0080-0.4008 
0.1124-0.0707 

3 5 

HD-DRX (6-states) 0.2233-0.2540 0.0088-1.0043 
0.2325-0.1352 

5 3 

HD-DRX (6-states) 0.1060-0.1366 0.0079-0.4006 
0.1122-0.0707 

5 5 

Original HD-DRX 

(4-states) 

0.8600-1.1061 0.0177-6.4652 
0.8891-0.4789 

- - 

Status Increasing 
Increasing 

Decreasing - - 

Better Model HD-DRX 

(6-states) 

HD-DRX 

(6-states) 

HD-DRX 

(6-states) 
5 5 

 

3.3. Performance Comparison 

In this sub-section, the paper evaluates the performance 

of external active states to the original model via LTE 

DRX and HD-DRX comparison. To achieve high fair com-

parison, the power saving factor is the best metric since 

the both are power saving scenarios. The performance 

comparison is carried out under similar cases and the 

same DRX timing values. Table 7 observes the perfor-

mance comparison numerical results to differentiate 

between LTE DRX and HD-DRX power saving scenarios. 

Table 7. LTE DRX and HD-DRX Scenarios Performance 
Comparison Numerical Results (Extended Models) 

Model DRX Short 

Cycle, 𝒕𝒔𝒄 (%) 

DRX Long Cycle, 

𝒕𝒍𝒄 (%) 

Inactivity Timer, 

𝒕𝑰 (%) 

External 

Active 

State 

Better 

Model 

LTE DRX 

(4-states)   

98.9489-99.0620 98.8509-99.0062 99.2091-90.2644  

One 

√ 

HD-DRX 

(5-states) 

98.8837-98.9983 
98.7795-98.9380 99.1233-94.6162  

LTE DRX 

(5-states) 

98.9937-98.9995 
  90-99.5773 98.9997-98.9286  

 
Two 

 

HD-DRX 

(6-states) 

98.9998-99.0010 
90.0466-99.6610 99.0018-98.9802 √ 

 

As shown in the above table, it is clear that when another 

active state is added to the DRX long cycle, in addition to 

added one to the DRX short cycle, this enhances the per-

formance as in extended LTE DRX (5-states) and ex-
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tended HD-DRX (6-states) models compared to extended 

LTE DRX (4-states) and extended HD-DRX (5-states) 

models, respectively. The extended HD-DRX (6-states) 

model is the best one to save power in spite of the UE 

beam searching process. This proves that the external 

active states to the original model save power consump-

tion by the HD-DRX scenario more than that saved by the 

LTE DRX scenario. Thus, extended HD-DRX models are 

preferred rather than extended LTE DRX models. 

4. Conclusion 

In this paper, two scenarios are introduced for the Dis-

continuous Reception (DRX) sleep mode in the Fourth 

Generation Long Term Evolution (4G LTE) networks and 

the Fifth Generation New Radio (5G NR) networks. These 

scenarios are defined as LTE DRX and Hybrid Direction-

al-DRX (HD-DRX). The paper presents the idea of exter-

nal active states to each DRX cycle of the original LTE 

DRX (3-states) and HD-DRX (4-states) models. By adding 

only one active state to the DRX short cycle, the extended 

LTE DRX (4-states) and HD-DRX (5-states) models are 

produced. By adding another active state to the DRX long 

cycle, in addition to the added one to the DRX short cycle, 

the extended LTE DRX (5-states) and HD-DRX (6-states) 

models are produced. The User Equipment (UE) transi-

tion states during the extended models are determined 

based on the light traffic threshold value by using a 

Semi-Markov chain model for LTE DRX and HD-DRX 

scenarios. In LTE DRX scenario, the power saving factor 

is enhanced by the extended LTE DRX (4-states) and LTE 

DRX (5-states) models by about (0.1 – 9) % compared to 

that of the original LTE DRX (3-states) model. In HD-DRX 

scenario, the power saving factor is enhanced by the ex-

tended HD-DRX (5-states) and HD-DRX (6-states) models 

by about (0.2 – 10) % compared to that of the original 

HD-DRX (4-states) model. Due to the beam searching 

process, the average delay by the extended HD-DRX 

(5-states) and HD-DRX (6-states) models is reduced by 

about (8 – 6000) msec compared to that of the original 

HD-DRX (4-states) model. After a performance compari-

son is assigned between the LTE DRX and HD-DRX sce-

narios, extended HD-DRX models are preferred rather 

than extended LTE DRX models. 
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