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ABSTRACT The goal of this work is to find appropriate link scheduling schemes to achieve satisfactory
end-to-end throughput in wireless multi-hop networks. The algorithm of finding the best path status bitmap is
proposed to solve the throughput problem. By analyzing path status, it is found that compressing the path state
set can reduce the time complexity. According to this, we describe innovative methods to simplify scheduling
of links for long path with large amount of data. Two typical link scheduling schemes with full-duplex radios
are proposed, and end-to-end throughput boundary is worked out by analyzing the link capacity and the
link active ratio in each scheme. Results illustrate that these schemes may improve end-to-end throughput in
wireless multi-hop networks modestly.

INDEX TERMS End-to-end throughput, full-duplex radios, scheduling, wireless multi-hop networks.

I. INTRODUCTION
For decades, topic of wireless network capacity has been
extensively explored. The investigations [1], [2] provide ba-
sic knowledge about the capacity of fixed or mobile nodes
distributed in an area. One node may transmit data to other
nodes through a long multi-hop path (LMP) composed of
several wireless point-to-point links in large-scale wireless
networks. The end-to-end throughput (EET) on such a path
(EEToLMP) is related to many factors, such as transmission
power, interference and environment, etc. The throughput is
studied in combination with routing methods, network size,
traffic patterns, offered load, and local radio interactions [3]–
[8]. In most wireless communication networks, node works in
half-duplex (HD) mode, where simultaneous two-way com-
munications between neighboring nodes require two orthog-
onal channels. Full-duplex (FD) is impractical without the
remarkable progress of self-interference cancellation (SIC) or
self-interference suppression (SIS) technology [9]–[11].

The advanced analog/digital signal processing is pushing
FD radios to practical systems [12]–[16]. Research [17], [18]
shows that a single antenna can realize FD radios in wireless

communication systems. Multiple-input multiple-output sys-
tems are also jointed with FD radios, where a node having
multiple antennas can output and input signals on a chan-
nel [19]–[26]. The cellular networks and femto access points
benefit from FD radios [27]–[34]. FD technology is also em-
bedded in cognitive radio to improve capacity and spectrum
utilization [35]. The results [36] show that the performance
of decode-and-forward relaying outperforms that of multi-hop
HD relaying in terms of the outage probability. The nodes in
relay networks combined with FD radios provide throughput
gain [37]–[41].

FD radio improves the capacity on point-to-point link, as
well as in relay networks. The situation in wireless multi-hop
networks seems to be different. However, recent researches
report the potency of FD radios. Wireless multi-hop trans-
mission enhanced by the in-band cut-through method [42]
reduces delay and concurrently improves throughput per-
formance. Experiments in the 2.4 GHz ISM band show a
throughput gain of up to 3.4× gains on the 4-hop path.
The work in [43] considers simultaneous in-band cut-through
two-way transmissions through multiple FD relays between
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two far-away nodes. By analyzing interference patterns, the
authors identify the problem of power amplification at mid-
dle nodes, and leverage interference by a loop-back strategy.
The experiments show that the two-way throughput gain can
achieve 1.6× gains over one-way cut-through systems, and
4.09× gains over the decode-and-forward scheme. In finite-
sized multi-hop networks, the results of one or multiple active
sessions show 2× gains [44].

One of the main factor limiting the throughput is inter-
ference. For example, the radio overlapping of neighboring
nodes on LMP brings serious inter-link interferences, which
limits data transmission of neighboring nodes. The theoretical
and practical results of EEToLMP, when nodes are with HD
radios, have been widely recognized. With FD radios, overlap-
ping are still unavoidable. However, FD radios enable node to
receive data when sending data, and potentially improve the
throughput. The motivation of this work is to investigate how
intermediate node with FD radios on LMP contributes to EET.

Apart from inter-link interferences, self-interferences make
it difficult for nodes to simultaneously send and receive data
at the same time because the interferences may be strong.
When distance between active links is long enough, inter-link
interferences decrease and the capacities on active links are
ensured. The situation of minimizing inter-link interferences
is that only one node sends data in the network. However,
this makes link active ratio (LAR) on LMP lower, which
brings lower EET. Higher LAR will improve the throughput,
while very high LAR causes serious interferences. In order to
achieve high EEToLMP, the time when a link is active should
be arranged. This brings challenge of link scheduling.

One of our main contributions is that we reduce the path
statuses by removing replaceable ones on LMP when solving
the link scheduling problem of EEToLMP. The other is that
we present an approximate but fast solution to the problem.
According to it, two scheduling schemes potentially improv-
ing the throughput are proposed. Furthermore, We analyze
the throughput boundaries in these schemes, and simulate the
scheduling procedure of the schemes.

The paper is organized as follows. We first model EE-
ToLMP as an optimization problem in Section II. The algo-
rithm for solving the problem and the link scheduling bitmap
to obtain the largest throughput on the path is in Section III.
Because the algorithm is time-consuming, and the obtained
bitmap is somewhat complicated, we propose an innovative
method to speed up the solving procedure in Section IV. The
approximate solution is provided and we contribute two fast
scheduling schemes in Sections V and VI, respectively. The
analysis and simulations of throughput boundaries in Sec-
tions VII and VIII show that EEToMTP of these schemes can
be higher. We conclude the whole work in Section IX.

II. SYSTEM MODEL
Now consider the problem of maximizing the throughput on
LMP in wireless networks, where all nodes are embedded
with FD radios. Suppose there are N (N ≥ 4) nodes in the
network and each node is numbered with an unique positive

integer number i, 1 ≤ i ≤ N . A link l , defined by a sender
(node i, 1 ≤ i ≤ N) receiver (node j, 1 ≤ j ≤ N, j �= i) pair
(i, j), may be built between the two nodes. If the transmission
range of node i covers node j, the link can be successfully
built. If the link is built, it is equivalent to the node pair
l � (i, j). Suppose that there are a number of possible links in
the network. One LMP is an ordered set of the links between
the source and the destination. The path from the source to the
destination is known in advance by the routing algorithm like
fixed routing, AODV [45] or DSR [46]. One sender in wireless
networks may interference with other nodes whose positions
are out of the sender’s transmission range. If the interference
exists, the interference links are built. An interference link l ′
between two nodes i and j is also denoted by the node pair
(i, j), which means that node j is interfered by node i.

Time is divided into slots, and the duration of a time slot
(TS) is long enough to process and transmit a data frame on
any link. A node is able to send and receive different frames
in a TS. When node i is sending data by the radios, all of its
neighboring one-hop nodes will receive the data signal. Ac-
cording to the routing table, only one neighbour j will decode
the signal and receive the data for unicast applications. Thus,
the link (i, j) is validly built between the two nodes. One link
is not always active in the transmission, but active when node
i is scheduled to send data to node j. The link is not active in
a TS when node i sends data to other nodes or node j receives
data from other nodes. If denote the number of total TS by
T , the active status of the link in t, 1 ≤ t ≤ T , is indicated
by binary indicators a(i, j)(t ) and b(i, j)(t ), respectively, where
a(i, j)(t ) and b(i, j)(t ) are associated to the statuses of nodes i
and j. If the link is active in TS t , both the indicators are one,
i.e. a(i, j)(t ) = b(i, j)(t ) = 1. Otherwise, at least one of them is
zero. For sender i in an unicast application, at most one of its
neighbours receives the data in TS t , that is,

0 ≤
∑

1≤ j≤N

b(i, j)(t ) ≤ 1 (1)

For receiver j, at most one node sends data in the TS,

0 ≤
∑

1≤i≤N

a(i, j)(t ) ≤ 1 (2)

For interference link l ′ = (i, j), the corresponding binary
variables are also indicated by α(i, j)(t ) and β(i, j)(t ). However,
for sender i, more than one and at most N − 2 nodes may be
interfered by the sender, that is,

0 ≤
∑

1≤ j≤N

β(i, j)(t ) ≤ N − 2 (3)

In the same way, for receiver j, more than one node may
interfere with it. Thus,

0 ≤
∑

1≤i≤N

α(i, j)(t ) ≤ N − 2 (4)

Denote a frame flow crossing one LMP that is constructed
by the links between the source and the destination. Denote
hl = 1, if the path crosses over link l � (i, j). The rate x on
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link l should not be larger than the average link capacity over
the transmission process c̄l , i.e.

hl x ≤ c̄l (5)

where c̄l = 1/T
∑T

t=1 cl (t ). The capacity on single link l ,
cl (t ), can be obtained by Shannon’s formula.

cl (t ) = log2

(
1+

Kd−γ
(i, j)Pia(i, j)(t )

I j (t )+ 1

)
(6)

The interferences include self-interference inside the node and
all inter-link interference from other nodes. The total power
of interference on the node j on link l , after normalized by
average background noise power, is

I j (t ) = θPja( j,∗)(t )+
∑

1≤k≤L,k �=i

Kd−γ

(k, j)α(k, j)(t )Pk (7)

where Pi is the transmission power normalized by average
background noise power in sending node i on link l , θ is a
parameter to denote the residual SIC coefficient (SICC), rep-
resenting the SIC efficiency. The two-ray propagation model
is applied in communications and γ is the loss exponent on
the propagation path. Thus, Pjθ represents the residual self-
interference power in node j if a link originated from this
node is active. Kd−γ

l is the path attenuation loss on the path
from nodes i and j. The coefficient θ is dependent on the SIC
technology adopted by nodes. In general, the coefficient θ is
greater than zero, because no perfect SIC technology is devel-
oped to date. The coefficient θ is 1 if no SIC is adapted. Thus
the coefficient is within the region (0,1]. With the development
of advanced signal processing technologies, the coefficient θ

can be tiny, like 10−11 (-110 dB) [10] or less.
We regard EEToLMP as an optimization problem, whose

objective is to maximize the minimum throughput on LMP
subject to above constraints, including (1) and (2) due to
scheduling method, (3) and (4) due to inter-link interference,
routing constraint (5), link capacity constraints (6) and (7).
Thus, the optimization problem is formulated by

max{x : x = min
l
{c̄l}}, s.t (1)− (7) (8)

III. SOLVING THE MODEL
Each link has two statuses, i.e. active and inactive. For a path,
the path status describes which link on the path is active or
not. Total number of path statuses of one path constructed
by L links is 2L. Denote one path status by one L-dimension
vector PSi, PS0 = (0, 0, . . . , 0, 0), PS1 = (0, 0, . . . , 0, 1),
PS2 = (0, 0, . . . , 1, 0), · · · , PS2L−1 = (1, 1, . . . , 1, 1), where
1 means the link status is active. The path status set, is the
set of all path statuses Sps = {PSi, 1 ≤ i ≤ 2L − 1} excluding
PS0. Corresponding to PSi, denote the path capacity on the
path by the L-dimension vector PCi. The path capacity set
is denoted by Spc, and Spc = {PCi, 1 ≤ i ≤ 2L − 1}. The path
capacity, PCi, can be obtained by the path status PSi and the
link capacity formula (6), i.e.

PCi = P(PSi, {cl }) (9)

Let vectors a(t ) = (at
(1,2), at

(2,3), . . . , at
(L,L+1)) and c(t ) =

(ct
1, ct

2, . . . , ct
L ) be the scheduled path status and the corre-

sponding path capacity in the time slot t . Each vector a(t )
must be one element of Sps, i.e.

a(t ) ∈ Sps (10)

When the number of TS is T , there should be T scheduled
path statuses and T path capacities. One feasible solution to
the problem is a combination including T elements, each of
which is one element of Sps. Or say, one solution, A, is a
function of T path statuses, i.e. A = f (Sps, T ). The solving
procedure is to obtain the solution that maximizes minl{c̄l} in
all feasible ones.

The throughput on multi-hop path obtained by solving the
above optimization problem is subject to a few constraints.
Within them, the link scheduling scheme describing when
nodes send data, plays an important role. The application of
FD is expected to increase the variety of scheduling method.

The idea of solving procedure is the exhaustive method. We
use Python language to calculate the link scheduling bitmap
for achieving the maximum throughput on the path. The core
process is described in Algorithm 1.

The time complexity is related to the hop number L and the
number of total TS, T , i.e. O((2L − 1)T ). The total TS number
is related to the data volume and the frame size. Therefore,
the solving procedure is time-consuming. However, through
the following analysis on 3-hop path, we can partly reduce the
time complexity of Algorithm 1.

Next we show the solving process of the problem in the
scenario where parameters are listed as follows. The hop num-
ber is 3. The loss exponent γ is 2, and the radio frequency
is set to 800 MHz. The parameter K is from the formula
K = 1/(4π/λ)2 ≈ 0.00089. The transmission power P is set
to 10 dBm. The distance between neighboring nodes d is set
to 500 m. The residual SICC in the node is set to be one.
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The number of valid path statuses is 2L − 1 = 7. The
path status in a TS is in one of the following 7 statuses,
(0, 0, 1), (0, 1, 0), (0, 1, 1), (1, 0, 0), (1, 0, 1), (1, 1, 0), (1, 1, 1).
On the path, the capacity of one link is the average value
of capacities in all TSs. The order of the path status can be
neglected here.1 The combination number of T path statuses
is large. However, we will see that the path status may repeat
when the transmission time is long. It may be not necessary
to consider scheduling the link statuses in all TSs.

The seven path capacity values are calculated according to
the seven path statuses. They are (0, 0, 11.799), (0, 11.799, 0),
(0, 6.47e-09, 2.321), (11.799, 0, 0), (0.9998, 0, 3.319), (6.47e-
09, 2.321, 0), and (6.47e-09, 6.47e-09, 1.913), respectively.
The results corresponding to path statuses PS3, PS6 and PS7

depict that a node without SIC can receive data when it is
sending data. However, the rate is very low and not practical.

If the number of TSs is 3, the best combination of path
status is (PS1, PS2, PS4) by Algorithm 1. The solution to the
optimization problem is 3.93, which is 1/3 of the single link
capacity. The characteristic of the best combination is that
only one link is active in each path status. We can deduce from
the result that the solution is still 3.93 when the number of TS
is a few times as many as three. And the best combination of
path status is several repeat of (PS1, PS2, PS4).

If the number of TSs is 4, the best combination of path
status is (PS1, PS2, PS4, PS7) by Algorithm 1. The solution
to the optimization problem is 2.95. This value is about 3/4
times of 3.93, because the throughput in status PS7 is very
low. The reason why PS7 is chosen is that it at least provides
a data path in one TS. The solution is 3 m/(3m + 1) times of
3.93 when T = 3m + 1(m ≥ 2). And the best combination of
path status is a few repeat of (PS1, PS2, PS4) and a PS7.

If the number of TSs is 5, the best combination of path sta-
tus is (PS1, PS2, PS4, PS5, PS6) by Algorithm 1. The solution
to the optimization problem is 2.56. The reason why PS5 and
PS6 is chosen is that it provides the largest throughput in two
TSs. The solution is about 3 m/(3m + 2) times of 3.93 when
T = 3m + 2(m ≥ 2). The best combination of path status is a
few repeat of (PS1, PS2, PS4) and PS5, PS6.

From the above results, we can conclude that on the 3-hop
path, the throughput is around one third of single link ca-
pacity when nodes are without FD radios. The combination
of the path statuses is mainly constructed by the repeat of
(PS1, PS2, PS4).

Next we consider the solution when nodes are with FD
radios and perfect SIC (SICC is set to -20000 dB). The re-
sponding link capacity values are obtained, and four values
are different from the above, they are PS3, PS5, PS6 and
PS7. Their results are (0, 11.799, 2.321), (0.9998, 0, 3.319),
(11.799, 2.321, 0), and (0.9998, 2.321, 1.913), respectively.

If the number of time slots is 3, the solution to the opti-
mization problem is also 1/3 of the single link capacity. The
combination of path status achieving the throughput, from
our software, is (PS1, PS2, PS4). By careful compare, we find

1In real transmission, the order should be arranged according to the time.

FIGURE 1. Throughput and gain values on the 3-hop path.

that the combination (PS1, PS3, PS6) can do this. However, it
cannot be extended that the solution is still 3.93 when T is a
few times as many as three TSs. The results from Algorithm 1
show that the combination is mostly constructed by PS1, PS3

and PS6, and the solution is larger than 3.93. For example,
the solution is 4.18 when the number of TS is 18, and the
combination is PS1, PS1, PS1, PS1, PS1, PS1, PS2, PS2, PS2,
PS3, PS3, PS6, PS6, PS6, PS6, PS6, PS6, and PS6, respec-
tively. These results show modestly improved throughput in
this case.

If the number of TSs is 4, the solution to the optimization
problem is 3.53. This value is still larger than 2.95 when
without SIC. The corresponding combination of path status
is different, that is, (PS1, PS3, PS4, PS6). If the number of
TSs is 5, the solution to the optimization problem is 3.29,
larger than 2.56 when without SIC. The corresponding com-
bination of path status is (PS1, PS1, PS2, PS6, PS6). If the
number of TSs is 6, the solution to the optimization prob-
lem is 3.93. The corresponding combination of path status is
(PS1, PS1, PS2, PS2, PS4, PS4).

For more TSs, we plot the throughput results and the gains
when T changes from 20 to 50 in Fig. 1. The results show the
slight gain (about 1.15) by perfect FD radios in this scenario.

IV. REDUCTION OF PATH STATUSES
The time complexity of Algorithm 1 is related to the size of
PS. Reducing the size can speed up the solving procedure.
The above processes show that the best combination of path
statuses is just made up of a part of all path statuses. On the
premise that the throughput does not decrease, we can remove
“redundant” path statuses.

Next we define the replaceable path status in a single TS.
Definition 1: Let v,w ∈ Sps and v �= w, in combination C

including v, the throughput is X1. In a new combination where
w replaces v, the throughput is X2. When X2 ≥ X1, we say that

v is a replaceable path status by w in the combination v
C←− w.

If v is a replaceable path status by w in all combinations, we
say that v is globally replaced by w, v← w.

The procedure to find all globally replaceable path status is
listed in Algorithm 2.
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In the ideal situation where SICC=0, two path statuses are
replaceable on the 3-hop path, i.e. PS2←PS3 and PS4←PS6.
After the replacement, the size of Sps reduces from 7 to 5. The
time complexity of Algorithm 1 decreases.

To understand why the replacement is feasible, we may
consider the path capacity corresponding to the replace-
able path status. In the above example, when the status is
PS2=(0,1,0), the corresponding path capacity is (0, 11.799,
0). When the status is PS3=(0,1,1), the corresponding path
capacity is (0, 11.799, 2.321). The link capacity does not
decrease if PS2 is replaced by PS3. Therefore, the replacement
does not influence the final result. In fact, SIC leads to the fea-
sible replacement. Generally, we have the following theorem.

Theorem 1: With perfect SIC, if there is one path status just
having one active link and the link is not the last hop, the path
status is a replaceable one.

Proof: Denote the path status just having one active link
(the link is not the last hop) by v = (α1, α2, . . . , αL ). It
is characterized by αi = 1 and α j = 0, 1 ≤ i ≤ L − 1, j ∈
{1, 2, . . . , L} − {i}. The corresponding link capacities are
cv

i > 0 and cv
j = 0, 1 ≤ i ≤ L − 1, j ∈ {1, 2, . . . , L} − {i}.

Consider another path status w where αi = αi+1 = 1 and
α j = 0, 1 ≤ i ≤ L − 1, j ∈ {1, 2, . . . , L} − {i, i + 1}. That is,

links i and i + 1 become active. The corresponding link ca-
pacities are cw

i > 0, cw
i+1 > 0 and cw

j = 0, 1 ≤ i ≤ L − 1, j ∈
{1, 2, . . . , L} − {i, i + 1}. With perfect SIC, it has cw

i = cv
i

and cw
i+1 > cv

i+1 = 0.
Therefore, if w replaces v in any combination including v,

the throughput on the path does not reduce. �
In a path with L links, the path status number in Algorithm 1

can be decreased from 2L − 1 to 2L − L by the Theorem 1. For
example, when L = 4, it reduces to 12. The algorithm’s time
complexity changes from original O(15T ) to current O(12T ).

Beside self-interference, inter-link interference makes
small capacity. Therefore, if two links close to each other are
simultaneously active, the inter-link interference may result in
low capacity on both links. For example, the path capacities
responding to the path status PS5 is (0.9998, 0, 3.319). The
capacity on the first link in PS5 is quite less than that on the
first link in PS4. The capacity on the third link in PS5 is quite
less than that on the third link in PS1. This implies that the
path status PS5 may be replaced by the PS4 and PS1. However,
the replacement requires two slot times. That is, if there are
two path statuses PS5 in two TSs, they can be replaced by one
PS4 and one PS1. In this case, we can define replaceable path
status in multiple slots.

Definition 2: The path status v,w j ∈ Sps, j = 1, . . . , J and
v �= w j , in combination Ck including M(M > 1) path status
v, the throughput is X1. In a new combination where M w j

replaces M v, the throughput is X2. When X2 >= X1, we say
that v is a replaceable path status in M time slots by {w j}, j =
1, . . . , J in the combination, v

Ck←−
M
{w j}.

The algorithm to find the replaceable path status in 2 TSs is
listed in Algorithm 3.

With perfect SIC, one path status may be replaceable on

the 3-hop path. In the above scenario, PS5
Ck←−
2

{PS4, PS1}. In

combinations wherever two PS5 appear, PS4 and PS1 can
replace them. In the same way, three PS7 in a combination
can be replaced. The solution is similar if we remove PS5 and
PS7 in the combination. The time complexity of Algorithm 1
for the solution reduces to O(3T ). After replacement, in this
case, the solution is the same with that before replacement.

On the path where there are more than 3 hops, the path
status like (1001) may not be replaced. The reason may be
that the distance between the two active links is large enough,
and the inter-link interference is relatively small.

V. APPROXIMATE SOLUTION
The above case analysis shows that most path statuses are
replaceable. The results give the enlightenment that, in the
3-hop path, we just need to arrange the three path statuses.
When the balance of the three link capacities in all TSs is en-
sured, the optimal link scheduling is obtained. The balancing
procedure of the scheduling is to increase the capacity of the
link with smallest average capacity in the former TSs. Some
steps in the procedure are listed in Table 1. PS6 is selected in
the first TS, and c̄3 is the smallest. In next TS, PS1 is selected
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TABLE 1. The Scheduling Process

to enlarge c̄3, which makes that c̄2 is the smallest. In next TS,
PS3 is selected to enlarge c̄2. According to the procedure, the
best PS sequence can be obtained. The PS sequence is the best
scheduling scheme in the transmission.

This method can have the optimal path status combination
to the problem and have better time complexity than the above
algorithms. However, for the long path with a lot of hops,
the method is a little more complex. Next we consider an
approximate method for the long path. The idea is to divide the
long path into groups according to the interference between
links. In each group, we use the above method.

If one link on the path has little interference with another
link, these two links are put in different groups. For example,
when l1 is far away from l5, they are put in different groups.
Thus, l1 and l5 can be active in the same time.

The first step of the solution is to find the suitable distance
for avoiding large inter-link interference. The method to judge
this is to see whether one path status like 00010010000 can be

FIGURE 2. A snapshot in SS1, where neighboring nodes can
simultaneously send frame in one TS. The number in the cross unit is the
frame number.

replaced by 00010000000 and 00000010000 in two time slots.
If no, it means that the inter-link interference is small. If yes, it
means that the inter-link interference is large. Then, increase
the distance between the two active links, and see whether
the path status 00010001000 can be replaced by 0001000000
and 0000000100. Repeat this process until the distance is long
enough. After grouping the links, the second step is to arrange
the link active order in each group.

VI. SCHEDULING TRANSMISSIONS
In this section, we list four scheduling schemes on the path
predefined by any routing algorithm, and study how they af-
fect EEToLMP. Three require FD radios, and the left one is a
traditional benchmark when making comparative research.

A. SCHEME 1
Scheduling scheme 1 (SS1) means that all intermediate nodes
on the path (excluding source node and destination node)
receive and send data simultaneously in any TS. Thus, the
constraint (11) of intermediate nodes on the path should be
satisfied.

ai(t ) = ai+1(t ) = 1, 1 ≤ i ≤ N − 3, i ≤ t ≤ T (1) (11)

A part of the scheduling procedures in the scheme are
shown in Fig. 2. In the figure, the horizontal direction and
vertical direction respectively represent the number of nodes
from 1 to 12, and TS from 1 to 18, respectively. The number in
the cross grid refers to the frame sequence sent by correspond-
ing node in the corresponding TS. The path includes 8 nodes,
and the frame is assigned a sequence number (Sno). Node 1
sends Frame 1 to node 2, which receives it in the first TS. In
the second frame, node 2 sends frame 1 to node 3, and node
1 send Frame 2 to node 2. In the later TSs, more and more
nodes send and receive frames in one slot.
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FIGURE 3. A snapshot in SS2, where neighboring nodes do not
simultaneously send frame in one TS.

Node i, 1 ≤ i ≤ N − 1, sends frames in TS t when t, 1 ≤
t ≤ T (1), satisfies

i ≤ t ≤ T (1) − i + 1

The sequence s, 1 ≤ s ≤ S, sent by the node in this TS, is

s = t − i + 1

The total number of the TSs, T (1), for finishing transmitting S
frames on the path with N nodes, is obtained by

T (1) = S + N − 2

B. SCHEME 2
The idea in SS2 is to separate the sending nodes on the path
by enough distance. In this scheme, the node is without FD
radios, and the distance of 3 hops are reserved for simultane-
ously sending nodes. For example, nodes 1, 4 and 7 simulta-
neously send data in TS 10, as shown in Fig. 3.

If node i, 1 ≤ i ≤ N − 1, is active in TS t, 1 ≤ t ≤ T (2),
the necessary condition (12) should be satisfied

t%3 = i%3, i ≤ t ≤ T (2) − N + i + 1 (12)

where % is a modulo operator. The frame number, sent by
node i in TS t , is obtained by

s = 
(t − i + 1)/3�
where 
x� means the ceiling integer of x. For example, node
5 sends frames s = 
(5− 5+ 1)/3� = 1 and s = 
(8− 5+
1)/3� = 2 in TSs 5 and 8, respectively.

The total number of the TSs, T (2), to complete the trans-
mission of S frames on N node path, is the sum of two parts.
The first part is the duration the first frame required from the
source to the destination, i.e. N − 1. The second one is for
transmitting the following S − 1 frames. One additional frame
takes additional 3 slots, and S − 1 frames take (S − 1) slots
according to this schedule scheme. Therefore, the total TSs

FIGURE 4. A snapshot in SS3, where neighboring nodes may
simultaneously send different frame in one TS.

required to complete the transmission is

T (2) = (S − 1)× 3+ (N − 1) = 3S + N − 4

C. SCHEME 3
In SS1, inter-link interferences are serious, although nodes
works with FD radios. In SS2, inter-link interferences are less,
but FD radios is not applied. We provide SS3, where neigh-
boring nodes may have the opportunity to simultaneously
send frames in one TS. The scheduling procedure is shown
in Fig. 4. For example, in the 6-th TS, neighboring nodes
5 and 6 send frames 2 and 1, respectively. In the same slot,
neighboring nodes 1 and 2 send frames 4 and 3, respectively.
Nodes 3 and 4 remain silent. In next TS, neighboring nodes
6 and 7 and neighboring nodes 2 and 3 send frames together.
The space between nodes 2 and 5 in slot 6, or between nodes
3 and 6 in TS 7, is three hops, to avoid serious inter-link
interferences.

We are still considering transmitting large amounts of data
on the path with N nodes. Nodes 1 and N are the source
node and the destination node respectively. The active node
i in the transmission on the path should meet one of the two
conditions, i.e. (13) and (14) in TS t

t%4 = i%4, i ≤ t ≤ T (3) − N + i + 1 (13)

(t − 1)%4 = i%4, i ≤ t ≤ T (3) − N + i + 1 (14)

Sno s sent by node i if TS t satisfies (13) is

s = 
(t − i + 1)/4� × 2− 1

Sno s sent by node i, if TS t satisfies (14), is

s = 
(t − i + 1)/4� × 2

This relationship indicates that the frames sent by nodes in
a TS are usually pairs. Two frames in one pair are sent by
neighboring nodes. For example, in TS 10, there are three
pairs, i.e. frames 1 and 2, frames 3 and 4, frames 5 and 6,
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FIGURE 5. Neighboring links may be simultaneously active and send the
same frame in one TS in SS4.

which are sent by 6 nodes. From the node’s point of view, it
usually sends two frames in two consecutive slots, and keeps
silent in the next two slots. For instance, node 1 sends frames
in slots 1, 2, 5, 6, etc., and remains silent in slots 3, 4, 7, 8,
etc., until all frames are transmitted.

When the number of all frames, S, is an odd, it requires
N − 1 slots to transmit the last frame on N node path. The
other S − 1 frames need 2× (S − 1) TSs due to the schedul-
ing method in SS3. Therefore, the total time is the sum of
the above two values, i.e. (S − 1)× 2+ N − 1. When S is
an even, the total transmission time includes three parts. The
last frame requires N − 1 slots on N node path. The second
last frame requires 1 slot for a node. The other S − 2 frames
need 2× (S − 2) slots due to the schedule method for a node.
The sum, (S − 2)× 2+ 1+ N − 1, is the overall transmis-
sion time. Thus, total TSs for finishing S frames on N node
path, is

T (3) =
{

(S − 1)× 2+ N − 1 = 2S + N − 3 S%2 = 1
(S − 2)× 2+ N = 2S + N − 4 S%2 = 0

(15)

D. SCHEME 4
With cut-through FD radios, SS4 is feasible, whose schedul-
ing procedure is shown in Fig. 5. In this scheme, two neigh-
boring nodes send one frame simultaneously. For example, in
TS 3, nodes 1 and 2 send Sno 2 to node 3. In the same time,
nodes 5 and 6 send Sno 1 from node 5 to node 7. The space
between nodes 2 and 5 should be large enough to eliminate
the impact of inter-link interferences. Therefore, two adjacent
nodes are grouped. For example, nodes 1 and 2 are grouped to
group 1. Node i is in the group 
i/2�. The total group number
is 
(N − 1)/2�. The difference between SS4 and SS3 lies in
that if neighboring nodes send the same frame in one TS.

Consider a lot of frame data on an LMP with N nodes,
where nodes 1 and N are the source and the destination,
respectively. If node i, 1 ≤ i ≤ N − 1, in TS t sends data in

TABLE 2. Interferences in Four Schemes

the transmission, the following conditions should be satisfied

t%2 = 
i/2�%2 (16)


i/2� ≤ t ≤ T (4) − 
(N − 1)/2� + 
i/2� + 1

The operation 
i/2� groups neighboring nodes into a team.
Total TSs, for transmitting S frames on N-node path, is

T (4) = (S − 1)× 2+ 
(N − 1)/2� (17)

where 
(N − 1)/2� is the slots required for a frame to transmit
a frame from the source to the destination, and (S − 1)× 2
is the time a node required to transmit S − 1 frames. Corre-
spondingly, in this scheme, Sno that node i sends in TS t is

s = 
(t − 
i/2� + 1)/2�
Briefly, the key factors to differ these schemes are self-

interference and inter-link interference. Table 2 describes the
level of interferences in four schemes.

VII. THROUGHPUT BOUNDARY
Inevitably, the scheduling scheme will influences the trans-
mission procedure. Next, we will analyze the boundary under
each SS. When all links are active in SS1, the end-to-end
throughput is bounded in Theorem 2.

Theorem 2: The throughput boundary for transmitting S
frames on LMP with N nodes in SS1 is

x(1) = S

S + N − 2
min

1≤i≤N−1
c(1)

i (18)

where

c(1)
i = log2

(
1+ Kd−γ

i Pi

θPi+1 + Kd−γ
i+1Pi+2 + 1

)
(19)

Proof: The size of a frame is LFrame bits. In SS1, the ca-
pacity on link li in any TS, according to (6), is less than (19).
The duration for transmitting a frame on link li is LFrame/c(1)

i .
Select the maximum duration to be the value of a TS, i.e.

D(1) = max
1≤i≤N−1

LFrame

c(1)
i

= LFrame

min1≤i≤N−1 c(1)
i

(20)

The average active times on link li is the proportion of to-
tal frame number S to total TS number T for transmitting
S frames, i.e. S/T (1) = (T (1) − N + 2)/T (1) = S/(S + N −
2) The maximum throughput on multi-hop path is x(1) =

S
S+N−2 × LFrame

D(1) Substitute (20) into it, the capacity boundary
(18) is obtained. �

The throughput, if the links are scheduled by SS2, can be
obtained by Theorem 3.
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Theorem 3: The throughput boundary for transmitting S
frames on LMP with N nodes in SS2 is

x(2) = S

3S + N − 4
min

1≤i≤N−1
c(2)

i (21)

where

c(2)
i = log2

(
1+ Kd−γ

i Pi

)
(22)

Proof: The link active times is S/(3S + N − 4) and the
maximum capacity on link i is c(2)

i . Therefore, the throughput

boundary is S
3S+N−4 min1≤i≤N−1 c(2)

i . �
The throughput boundaries, if nodes are scheduled accord-

ing to SS3 and SS4, can be obtained by Theorems 4 and 5.
Theorem 4: The throughput boundary for transmitting S

frames on LMP with N nodes in SS3 is

x(3) =
{

S
2S+N−3 min1≤i≤N−1 c(3)

i S%2 = 1
S

2S+N−4 min1≤i≤N−1 c(3)
i S%2 = 0

(23)

where

c(3)
i =

⎧⎪⎨
⎪⎩

log2

(
1+ Kd−γ

i Pi

)
s%2 = 1

log2

(
1+ Kd−γ

i Pi
θPi+1+1

)
s%2 = 0

(24)

Proof: In this scheme, neighboring links have the chance
to be active in one TS. If the data required to transmit is S
frames,the total active slot number for each link is S.

Now consider the average LAR on each link. The overall
slot number T (3) is obtained by (15). The duration for sending
a frame on the active link is LFrame/c(3)

i . The duration of a
TS D(3) should be long enough, so we select the maximum
duration, like (20). We first consider that S is an odd number.

If S%2 = 1, the average active times on link li in this
scheme is the proportion of S to T (3), i.e. S/T (3) = S

2S+N−3 .

The throughput on multi-hop path is by x(3) = S
T (3)

LFrame
D(3) =

S
2S+N−3 min1≤i≤N−1 c(3)

i .
If S%2 = 0, the average active ratio is slightly dif-

ferent. The throughput on multi-hop path is by x(3) =
S

2S+N−4 min1≤i≤N−1 c(3)
i

The capacity on active link in this scheme is related to the
SIC technology. We analyze the situation when frame number
is an odd number firstly.

If S%2 = 1, the total number of TSs when a node is active
is composed by two parts. One is the odd TS number, which
is (S + 1)/2. The other is the even TS number, which is (S −
1)/2. When a node transmits a frame numbered odd on cor-
responding link, the maximum capacity is log2(1+ Kd−γ

i Pi )
When a node transmits a frame numbered even on corre-

sponding link, the maximum capacity is log2(1+ Kd−γ
i Pi

θPi+1+1 ).
Therefore, the capacity is (24).

If S%2 = 0, it is similar to get the capacity. The total num-
ber of TSs when a node is active is composed by two parts.
One is the odd TS number, which is S/2. The other is the
even TS number, which is also S/2. The capacity when an
odd frame is sent is different with that when an even frame is
sent. However, the capacity is also (24). �

The result show that LAR in this scheme is better than
that in SS2, and the the throughput on multi-hop path can be
enhanced. In SS4, two nodes are grouped to be one team, and
the data may cross one team in a TS.

Theorem 5: The throughput boundary for transmitting S
frames on LMP with N nodes in SS4 is

x(4) = S

2S + 
(N − 1)/2� − 2
min

1≤i≤N−1
c(4)

i (25)

where

c(4)
i =

⎧⎪⎨
⎪⎩

log2

(
1+ Kd−γ

i Pi

)
i%2 = 1

log2

(
1+ Kd−γ

i Pi
θPi+1+1

)
i%2 = 0

(26)

Proof: The duration of one TS D(4) is selected according to

LFrame/min1≤i≤N−1c(4)
i

The process to obtain c(4)
i is the same as that in SS3. The

result is also similar with that in SS3. The average LAR is
S/T (4), where T = 2S − 2+ 
(N − 1)/2� according to (17).
Therefore, the throughput boundary (25) is obtained. �

VIII. SIMULATION RESULTS
A simulator [47] is designed to simulate the transmission
scheduling process. It can simulate link scheduling processes
and obtain corresponding throughput. We integrate four SSs
into the simulator. Comparison between simulation results
and analysis results would show whether the SSs are feasible
in the transmission on the multi-hop path, and whether the
throughput analyses are reasonable.

The simulator is programmed by Python 3.5. The main ob-
ject in the simulator is the node, which is composed of several
modules, including the radio module, which is used to set the
radio-related parameters, such as transmission power, SICC,
antenna gains, average noise power and radio frequency; The
store module, which stores the generated frames if the node is
the source, and stores the frames to be forwarded if the node
is a relay; The forwarding module for storing the forwarding
table; The scheduling module, configured to decide which
TS the node should use in the channel; The time module for
storing TS; The location module to set and store the node’s
position; The identification (ID) module to store and set the
number of the numbered node. The important attribute in
nodes is slotseq, specifying the time slot used by nodes.

One frame is composed with a header segment and a data
segment. The former includes five fields, namely slottime,
sourcenodeID, destinationnodeID, lastnodeID, and nextn-
odeID. The field slottime stores current TS when the frame
is generated by the source node. The pair, sourcenodeID and
destinationnodeID, stores IDs of the source node and the
destination node. It is designed to store the end-to-end data
flow information as soon as the data is framed. When a node
receives a frame, it should check whether it is the destination
or not from the header. If so, it stores the frame. Otherwise,
it should forward the frame to next hop according to the
routing table. The fields lastnodeID and nextnodeID are used
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FIGURE 6. Number of on-the-air frames on the six-hop path.

for forwarding frames. When a node receives a frame, it can
judge from the field nextnodeID whether the node is the next
hop for the frame on the path. If so, the node stores the frame
in its buffer. Otherwise, it drops the frame. The field lastn-
odeID is used to specify the node who sends the frame. For a
source node, the source node ID is filled in this field. Before
a frame is forwarded by a relay node, the fields lastnodeID
and nextnodeID should be changed. The data segment in the
frame contains fields like the byte number and the check code.
It should be noted that the frame size is fit for the duration of
TS and the minimum one-hop capacity.

The algorithms describing the implementation of four SSs
and the transmission process in the simulator are omitted due
to limit space. It is believed that these schemes can be realized
on multi-hop path. We understand LAR through total on-the-
air frame number (TOFN) sent by nodes on the path in the
transmission process. Fig. 6 plots TOFN in the transmission
on the 7-node path. Subfigures a, b and c compare TOFNs in
SSs 1, 3 and 4 to those in SS2. Subfigure (d) compares the
values in SS3 and SS4 to those in SS2.

The change of TOFN can be divided to three phases, the
starting phase, the stationary phase and the ending phase. In
SS1, TOFN in each TS increases from 1 to 6 in the start-
ing phase, decreases from 6 to 1 in the ending phase, and
maintains 6 in the stationary phase. On the 7-node path, LAR
in SS1 approximates to 100%. In SS2, TOFN in each TS
increases from 1 to 2 in the starting phase, decreases from
2 to 1 in the ending phase, and maintains 2 in the stationary
phase. On the 7-node path, LAR in this scheme approximates
to 1/3. In SS3, TOFN in the stationary phase jumps according
to the route 2-3-4-3-2-3-4-3-2. On the 7-node path, LAR in
SS3 is about 1/2. We can find the cause of this phenomenon
in Fig. 2. In SS4, TOFN in the stationary phase jumps accord-
ing to the route 2-4-2-4-2. On the 7-node path, LAR in SS4
approximates to 1/2. The reason for this phenomenon can be
found in Fig. 2.

However, TOFN may be different when the number of
nodes on LMP changes. In Fig. 7 (a-c), we compare the values

FIGURE 7. Number of on-the-air frames on the six-hop path.

FIGURE 8. Number of on-the-air frames on the four-hop path.

in SSs 1, 3 and 4 to those in SS2. In Fig. 7(d), we compare
the values in SS3 to those in SS4. In SS2, TOFN in the
stationary phase is not fixed, but jumps according to the route
1-2-2-1-2-2-1. On the 7-node path, LAR in SS2 approximates
to 1/3. In schemes 3 and 4, TOFN in the stationary phase is
still jumping, and LAR is about 1/2.

TOFN in SSs 3 or 4 does not always change and is fixed
if node number on the path satisfies (N − 1)%4 = 0. If the
number of nodes is 5, in Fig. 8 (a-c), we compare the values
in SSs 1, 3 and 4 to those in SS2. In Fig. 8(d), we compare the
values in SS3 to those in SS4, and find that TOFN is always
2 in the stationary phase in SSs 3 and 4. Although TOFN in
each scheme changes, LAR in stationary phase is similar.

The scheduling schemes influence link active rate, aver-
age link capacity, data transmission and further end-to-end
throughput on the path. If the network parameters are fixed
and the path is generated by a routing algorithm, then EE-
ToLMP is determined by SS. For example, LARs in the four
schemes approximate to 1, 1/3, 1/2, and 1/2, respectively,
when the amount of data is large enough. We present several
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FIGURE 9. Throughput with number of data frames.

FIGURE 10. Throughput at different distances.

scenarios, and compare the end-to-end throughput values2 in
four SSs.

Consider a path in wireless networks where nodes are
distributed with equal distance, and all nodes have identical
parameters. A two-ray propagation model is applied in com-
munications, and the loss exponent γ is 2. The radio frequency
is set to 800 MHz, and then the parameter K is 0.00089, from
the formula K = 1/(4π/λ)2. The transmission power P is set
to 10 dBm. The residual SICC is set to be ideally zero. The
path consists of N = 7 nodes (six hops) and the data is divided
to S = 1000 frames. The distance between neighboring nodes
d is set to 500 m. Unless otherwise specified, the following
results are on the basis of these settings.

The length of the path will influence the throughput. In
SS1, the throughput decreases 1/(S + N − 1) when one hop is
added on the path. If S >> N , this decrease is very slight. For
example, when S = 1000, the decrease is about 0.001. If the
data is small, like S = 1, the throughput seriously decreases
with increasing hops. The main reason for the decrease is the
decrease of the LAR. Fig. 12(a) shows the results when the
path contains 4, 5, 6, 7 and 8 nodes. In SS1, the values are
0.33, 0.25, 0.20, 0.17, and 0.14, respectively. The throughput
values in schemes 2 and 3 have identical trends, and both of
them decrease on the long path. The results also show that SS3
can not improve the throughput in this case. The reason is that
one frame of data can not provide the chance of application of
FD radios. The throughput results, when S = 2, are plotted in
Fig. 12(b). The throughput values in SS3 are larger than those
in SS2, because two neighboring nodes may simultaneously
send frames. Furthermore, the throughput values in 12(b) are

2The word “throughput” in this section refers to “throughput boundary”.

FIGURE 11. Throughput with different SIC coefficients.

FIGURE 12. Throughput under different number of nodes.

not less than the values in Fig. 12(a). The throughput results
in the first three schemes decrease when one hop is added.
SS4 is special, and the values decrease by every two hops.
Meanwhile, the cut-through FD brings shorter transmission
time and corresponding higher throughput value on LMP in
this scenario.

The large hop count on the path greatly reduces the link
active ratio and the throughput, especially when data is small.
In the same time, more data increases the link active ratio.
Let’s take the results in SS3 as an example. Fig. 9 shows the
results with data volume in a range from 5 to 50 frames on the
path with 7 nodes. Although the throughput increases with
the increase of the frame number, it finally approximates to
an upper value. This results reflect that the link active ratio
has an upper boundary. From the above, we know that these
boundaries should be 1, 1/3, 1/2 and 1/2, respectively. The
necessary condition for reaching the boundary is that the data
volume is large enough, that is, S >> N .

In addition to LAR, the capacity on the active link also
influences EEToLMP. The capacity of an active link in SS1
is limited by interference from the next hop node and self-
interference. The interference is so heavy that the capacity can
not exceed one, even when LAR is close to 100%. Therefore,
EEToLMP can not exceed 1, i.e. x(1) < S

S+N−2 < 1.
The capacity of an active link in SS2 is not influenced by

the neighboring next hop node because the scheme makes the
node inactive in the TS. The capacity of the active link is
related to the distance between neighboring nodes. Although
the link is not always active, LAR is close to 1/3 if the
amount of data is large. Therefore, EEToLMP is bounded by
x(2) < 1

3 log2(1+ 9(100/d )2).
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FIGURE 13. Throughput on different frequency.

In SS3 or SS4, LAR is close to 1/2. The capacity of an
active link is obtained by log2(1+ 9(100/d )2). Therefore,
EEToLMP is bounded by x(3) < 0.5log2(1+ 9(100/d )2).

We plot all results of EEToLMP in this scenario in Fig. 10.
It seems that there are only three curves in this figure. In fact,
four curves are drawn, and two of which overlap. That is to
say, the values in schemes 3 and 4 are very similar. It can
be seen from the figure that the longer the distance is, the
smaller the throughput of any scheme is. Generally speaking,
the throughput in SS3 is larger than that in SS2.

SIC has a great impact on FD performance, further on EE-
ToLMP. The following texts describes how SICC θ influences
the multi-hop throughput in these schemes.

EEToLMP in SS2 will not change with the change of SICC,
but its value will change in other schemes. Fig. 11 shows the
results when SICC changes from -120 dB to -80 dB. It is found
that in the scenario, the throughput values in schemes 3 and 4
decrease very quickly.

The radio frequency has an impact on EEToMTP. The fre-
quency will change the capacity of a link by changing the
parameter K . Higher frequency brings lower K , which leads
to lower power received in the receiver. Therefore, the link
capacity is lower. In the four schemes, the trend of throughput
also goes down with the increase of radio frequency, as Fig. 13
shows. It is found in Fig. 13(a) that the value is the maximum
one in schemes 3 or 4 with 300 MHz radio frequency, and the
value is about 1 with 5 GHz.

Throughput decreases by increasing the distance between
adjacent nodes. The reason is that the link capacity has been
reduced. Fig. 13(b) shows the corresponding results when the
distance d is 5000. By comparing two results, it is found that
no matter which scheme is adopted, the shorter the distance is,
the greater the throughput will be. Moreover, the value under
the radio frequency 5 GHz is greatly decreased.

IX. CONCLUSION
Maximizing EEToLMP in large-scale wireless networks is an
optimization problem subject to many constraints including
link scheduling. Nodes with FD radios enable more SSs in the
end-to-end transmission. We give the algorithm to solve this
problem, and illustrate the best combination of path statuses
on 3-hop path. We reduce the size of path status set by remov-
ing the replaceable path statuses, in order to decrease the time
complexity of the algorithm. We describe the approximate

method to solve the problem. Four SSs are depicted in detail.
We find that the scheduling process, together with FD radios,
influence the boundary of EET on multi-hop path.

We simulate these SSs in a simulator, verify that the
schemes can be realized, and observe the whole scheduling
process in each scheme. Under different network settings
and node parameters, we compare the results of these four
schemes. These results provide intuitive knowledge about how
SS3 or SS4 is dominant in multi-hop wireless networks.

In the future, when using FD radio for end-to-end trans-
mission, we should consider the trade-off between the node’s
energy consumption and the throughput. The energy con-
sumption may limit the throughput increase. Furthermore, the
end-to-end delay reduced by FD radios on multi-hop path may
be noticed, especially in delay sensitive applications.
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