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Abstract: Recently, an orthogonal frequency division multiplexing (OFDM) technique for the infinite
impulse response (IIR) channel (IIR-OFDM) was proposed, which carries the dedicated guard interval
to maintain the circular convolution of the received signal and channel coefficients. Therefore, the
loop of an IIR channel can be converted to the frequency domain, and single-tap equalization can still
be used to equalize loop interference, like classical OFDM. In this paper, we describe how to build
the IIR system based on the channel with loops and derive the properties of the dedicated guard
interval for a general multi-order IIR channel, which is different from the classical cyclic prefix (CP)
obtained by replicating the samples at the tail end of the signal. In particular, we address two special
models for first-order and delay IIR channels. It is demonstrated that the guard interval composition
and power characteristics of the two special models are similar. Moreover, the complexity of the
guard interval depends not only on the maximum delay of the loop, but also on the number of loops.
Finally, we simulate the IIR-OFDM performance under different IIR channels.

Keywords: orthogonal frequency division multiplexing (OFDM); loop interference; single-tap
equalization; infinite impulse response (IIR)

1. Introduction

Orthogonal Frequency Division Multiplexing (OFDM) is a modulation technique
commonly used in wireless communication systems. It works by dividing the information
signal into multiple sub-channels, transmitting data in an orthogonal manner over each
sub-channel, thereby enhancing spectral efficiency and combating multipath interference.
The key feature of classical OFDM is the introduction of a cyclic prefix (CP), i.e., a replicated
segment of the symbol tail is added before each OFDM symbol. This design effectively
eliminates inter-symbol interference (ISI) and simplifies the processing at the receiver,
allowing it to better handle time delays caused by multipath transmission [1]. Therefore,
OFDM is widely used in modern wireless communication standards such as 4G and 5G,
and its excellent resistance to interference and high spectral utilization make it a crucial
technology for achieving high-speed data transmission [2].

Generally, a CP of an appropriate length is inserted before each OFDM symbol to
prevent multipath interference. However, the channel response in some scenarios is very
long, although it has a finite impulse response (FIR), and a CP of a sufficient length can
severely degrade the spectral efficiency. If the length of the CP is reduced to improve
the spectral efficiency of the OFDM system, the system will inevitably be affected by ISI
and inter-carrier interference (ICI). When an OFDM system is subjected to interference
and continues to use a single-tap equalization approach, it can lead to a severe bit error
rate (BER).

Therefore, researchers have conducted studies on OFDM systems with short or free
CPs. In [3], a new OFDM waveform with low CP overhead (SR-OFDM) for narrow-band
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Internet of Things (NB-IoT) systems is proposed. Compared to classic OFDM, SR-OFDM
employs the concept of symbol repetition across multiple consecutive OFDM symbols,
where multiple SR-OFDM symbols occupy only one CP. This significantly reduces CP
overhead and improves the spectral and energy efficiency of the NB-IoT system. The
precoded vector OFDM scheme is proposed in [4]. By designing a suitable precoding
matrix, frequency-valued zeros in the frequency-selective channel band are removed for
interference suppression without knowing the channel state information (CSI). Ref. [5]
proposes a CP-free OFDM scheme with successive multipath interference cancellation
(SMIC) that does not require the CP and uses stored feedback equalization (SFE) to remove
the ISI prior to the Fast Fourier Transform (FFT) at the receiver. The SFE operation leaves
CP gaps between adjacent OFDM blocks and regenerates the CP using the estimated signal.
Ref. [6] proposes a scheme to maximize the channel impulse response (CIR) energy within
a given window and shorten the effective CIR, thus reducing the CP length. In addition, the
strategy of modeling the channel into infinite impulse response (IIR) with blind estimation
is presented in [7]. For channels with long CIR, an IIR filter is applied at the receiver side to
eliminate ISI.

However, not all channel responses are FIR, and channels may be IIR in specific
electromagnetic environments, such as resonant walls with great reflections or full-duplex
communication [8]. Classical OFDM schemes with shortened or free CPs suffer from ISI
under IIR channels. Under IIR channels, the signal is affected by previous signals from
the loop and the resulting ISI. The results of the study demonstrated the feasibility of
communication under IIR channels by mitigating loop interference through a combination
of passive suppression and active cancellation of the loop interference [9,10]. The main
purpose of passive suppression is to reduce the loop signal power at the receiver, such
as antenna isolation, coupling networks, and cross-polarization. Active suppression, on
the other hand, utilizes the node’s knowledge of its own transmitted signal to eliminate
loop interference [11]. Active suppression, which removes loop signal disturbances from
the received signal by injecting a suppression waveform, has been extensively studied in
the literature. The suppression waveforms can be injected not only over the transmission
line, as in [12,13], but also over the air using an additional antenna, as in [14]. Note that
neither active nor passive cancellation is able to completely suppress loop interference,
which means that IIR channels will always exist.

Therefore, an OFDM technique for the IIR channel (IIR-OFDM) was proposed re-
cently [15], which carries the dedicated guard interval to maintain the circular convolution
of the received signal and the IIR channel coefficients. Furthermore, in [16], IIR-OFDM is
verified to have significantly improved performance in the IIR channel constructed with
the full-duplex OFDM amplified-and-forward relay system, compared to existing schemes
for suppressing residual loop interference. At the receiver, the loop of an IIR channel can
be converted to the frequency domain, and single-tap equalization can still be used to
equalize loop interference, like classical OFDM. In this paper, we describe how to build
the IIR system based on the channel with loops and derive the properties of the dedicated
guard interval in a general multi-order IIR channel, which is different from the classical CP
obtained by replicating the samples at the tail end of the signal. In particular, we address
two special models for first-order and delay IIR channels. It is demonstrated that the
two special models” GI composition and power characteristics are similar. Moreover, the
complexity of GI depends not only on the maximum delay of the loop, but also on the
number of loops.

The remainder of this paper is composed as follows. In Section 2, we describe the IIR-
OFDM system in detail, including how to model the IIR channel, design the guard interval,
and demodulate the received signal. Next, we derive the guard interval characteristics
of [IR-OFDM under different IIR channel models in Section 3. Finally, the IIR-OFDM is
verified by different computer simulations in Section 4.
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2. IIR-OFDM

Assume that the number of subcarriers is N and the number of transmitted symbols
is V. dy is the vth transmitted symbol at the nth subcarrier (n = 0,--- ,N —1). Let d,
represent the transmitted symbol matrix, which can be written as

dv = [dO,v/ e rdel,v}T- (1)

After the N-point inverse discrete Fourier transform (IDFT), the equivalent baseband
transmitted signal can be written as

1 N=l

V=N

so(k 20l ZTRIN e 0, N — 1], )
1 . . .
where Un s the power normalization factor.

Assume that the channel consists of a forward path and several loops, which may be
due to reflections or loop interference. The transmitted signal passing through a channel
with loops can be indicated as

ro(k) = h(0)[so(k) + R(1)ro(k = 1) +- - - + h(lg)ro(k — L)), )

where 7y (k) is the received signal corresponding to s, (k) at the receiver and [ is the number
of loops. Under this channel, only %(0) is the forward path.

Suppose that the transmitted signal passes through a pure IIR channel H(z) = 1/A(z),
we have

Iy '
A(z) = Za(i)z*’, 4

where a(i) is the coefficient of the IIR channel. H(z) and A(z) are the z-transforms of
the channel.
Linking Equation (4) to the channel, we have
o i=0,
a(i) = ©)
—h, i=[1,---,l].

Therefore, the differential Equation (3) for the system of the IIR channel can be ex-
pressed as

lg
k) = ;)a(i)mk —1i), (6)

where received 7, (k) and transmitted signal so(k) satisfy linear convolution, like classical OFDM.
We consider 1, = [r,(0),- ( —1)]T as the received signal vector. Then, the
transmitted signal vector s, = [sv( ), -+ ,80(N —1)]T can be expressed as

Sy = Ary, )

where A represents the IIR channel matrix, which can be written as
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[a(0) 1
lg ;
Io) -+ a(0)
A=Y a(i))A' = a(lg 8
2 a0) aly) a(0) ®
i a(lg) a(0)]
with
0 0 0 0 0 1
A=l oo |1 L 9)
o --- 1 0 NxN 0 1 0 NxN

note that A? and I'” are the identity matrix.
However, it can be anticipated from (7) that when k > N — 1, the received signal will
continue to be influenced by the loops of the IIR channel. It can be obtained by

g
a(0)ry(k) = — Za(i)rv(k —i). (10)
i=1
The ISI signal can be obtained by
siST — A8y, (11)

where AS! represents the ISI matrix of IIR channel, which can be written as

0 a(lg) -+ a(1)]
I‘Z
AIST _ Za(i)(l"i ~ Al = 0 0 0 . a(lg) (12)
i=0
L 0 0 |

where we consider r, (k) as the transmitted signal and s, (k) as the received signal; the ISI
signal under the IIR channel is similar to the transmitted signal under the FIR channel.

2.1. IR-OFDM Transmitter

In order to resist the ISI caused by the loop signals of the IIR channel, IIR-OFDM is
based on the guard interval designed for the IIR channel to maintain the circular convo-
lutional structure of the transmitted and received signals. We consider the guard inter-
val for the corresponding transmitted signal s, (k) to be 5,(k); the guard interval vector
8o = [50(0), -+ ,50(Ig — 1)]T can be expressed as

Sy = K1}'7; + K2}"2771 (13)
where the length of the guard interval is the same as the number of loops, signal vector

Yo = [y2(0),- - ryv(lg - 1)]T-

Yo (k) can be expressed as

y (k) B 1 Nzl dn,v €j27r(k+Nflg)n/N (14)
) _ o
\/N n=0 An
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where A, are the N-point DFT of a(i), which can be expressed as
N-1 o
An=Y, a(i)e 12min/N (15)
i=0
Then, the guard interval generation matrix A; and A; can be expressed as
lg—1 a(0)
A=) a(i) = " , (16)
=0 a(lg —1) a(0)
l;—1 a(lg) a(1)
A=) a(ly—)Q7" = D, (17)
with
0 0 0
o=|! 00 , (18)
0 --- 1 0

(lg—1)x (Ig—1)

note that Q0 is the identity matrix.
The transmitted signal is inserted into the guard interval to ensure it is free from ISI at
the receiver. After inserting the guard interval, the transmitter signal can be expressed as

S0 = [50(0), -+ ,5(lg — 1),55(0) -+, 5o (N — 1)] . (19)

2.2. IIR-OFDM Receiver

Suppose F and F!! are the DFT and the IDFT matrices, respectively. After inserting the
guard interval, the signal can conform to the cyclic convolution, and the signal matrix can
be represented as

8o = Acr, = Fld, + A.w, (20)

where w represents the additive white Gaussian noise (AWGN) vector whose entries have
complex-valued Gaussian distributions of CA(0,02). A, represents the IIR channel matrix
that satisfies the N-point circular convolution, which can be written as

© a(0) aly) - a(1)]
| . | .
L& fel=1) e a(ly)
A= L= 0 iy a) e
_ Cally) o a(0)]

The received signal can be recovered by low-order tap equalization, which is similar
to classical OFDM. The recovery signal can be expressed as

d, = FA.r, = d, + FA.w, (22)

where d,, is the matrix of the recovered signal after the equalization, which is only affected
by AWGN.

IIR-OFDM has a more complex guard interval than classical OFDM. Therefore, IIR-
OFDM has performance requirements for the transmitter. However, at the receiver, the
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equalization process is consistent with classical OFDM. As a result, when deploying IIR-
OFDM, people should pay attention to whether the performance of the transmitter can
achieve the construction and transmission of complex guard intervals.

3. Guard Interval Analyses

We describe how to build the IIR system based on the channel with loops in Section 2.
In this section, we derive the properties of the dedicated guard interval in a general multi-
order IIR channel, which is different from the classical CP obtained by replicating the
samples at the tail end of the signal. Additionally, we address two special models for
1st-order and delay IIR channels.

3.1. General Multi-Order IIR Channel
The guard interval can be obtained as

k lg
So(k) =Y alio)yo(k—io) + Y a(i)yo-1(k—i1+1) (23)

io0=0 i1=k+1

1 k N-1
- Z Z 1’10, 6]271'(]( ig— lg)no/N

N i(]: : 10

G N-1 d ) )
+ 2 2 a(i1> nlrve]Zn(kle)nl/N )
il =k+1 1’11:0 Anl

Classical OFDM benefits from the FFT, which reduces its complexity from O(N?) to
O(Nlog>(N)). The guard interval of IIR-OFDM is different from classical OFDM, which
can the circular convolution of the received signal and channel coefficients. Therefore, the
guard interval requires additional complexity O((lg +1)? + (lg + 1)) = 0(1521 +3lg 4-2) for
design. Note that the complexity of the guard interval is related to the length of loops.

The guard interval consists of a linear superposition of the transmitted symbol and
is closely related to the coefficient of the IIR channel. Suppose the expectation of guard
interval is p, (k) = E[S,(k)s,(k)*], which can be expressed as

k

L, al
i1=0
lg

Nfl N-1
E[dno,v 1dﬂ1U 1] oi27[(k—lg) (n—0—n1)—ngig+n1i1] /N

Ano Anl

110:0 ny =0

N-1N-1 *
alir)* 2 E[dno’vdnl,v—l]ej27'([k(n707n1)fno(i0+lg)+n1i1}/N

=k+ np=0n,=0 A"OA;kq
-1 N-1
i 2 aio)a(in)” ¥ L Eldngo 1 0] jorlein-0-m)-noio tm i +1g))/N
o) AngAr,
iop=k+1i1= np=0n1=
ls lg N-1N-1E[d a
o P T MY I
+ 2 2 ﬂ(lo)ﬂ(l1)* 2 2 [71(;10 A:Lv 1]8]27'[[]((1’1 0—ny)—ngig+nyir]/N | (24)
ig=k+1i1=k+1 ng=0n;=0 no<=ny

After simplification, we have

agN 1 ZO Ozll _oalip)a(iy)*ef2mlio=i)n/N )
2 AnAf (25)
+210 k+12 k+1 ( )ﬂ(il)*ejzn(iﬂ_il)n/N
AnAf :

The guard interval of IIR-OFDM has a higher complexity than the CP of classical
OFDM, and its expectation value increases with the coefficient of the IIR channel. In
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addition, a major problem encountered in IIR-OFDM design is to ensure the system stability
of the IIR channel model under multiple loops. The unstable IIR channel cannot be
demodulated and equalized at the receiver. Generally, loop signals are considered harmful,
so increasing the loss of loops and suppressing the amount of multiple paths in loops have
been proposed. When in the case of multipath loops, it is required that the loop loss is able
to ensure that the IIR channel satisfies the z-transformed poles are all within the unit circle.

It is worth noting that IIR-OFDM signals occupy the same bandwidth and transmitter
bits as classical OFDM. Therefore, IIR-OFDM has the same spectral efficiency as classical
OFDM. For power consumption, IIR-OFDM has the same transmission power as classical
OFDM when the guard interval and CP are ignored. However, from (24), the guard interval
expectation of [IR-OFDM is higher than OFDM symbols. Therefore, the total transmission
power is the same, and the number of transmitted symbols of IIR-OFDM will be less than
classical OFDM. IIR-OFDM has a higher delay required to process data at the transmitter
than CP due to the complexity of the guard interval. At the receiver, the IIR-OFDM
equalization process is like OFDM without additional delay. However, it is worth noting
that IIR-OFDM is specifically proposed for under IIR channels.

3.2. The 1st-Order IIR Channel

Owing to passive and active cancellation techniques, the multipath effect of the loop
can be significantly suppressed [17]. Suppose that the loop’s multipath effect is suppressed;
the loop coefficient is only a(1). The guard interval under the 1st-order IIR channel can be
expressed as

§v<0) = ﬂ(o)yv(o) + a(l)yvfl (0) (26)

Under the 1st-order IIR channel, the guard interval complexity is related to the maxi-
mum delay of the loop as O(Nloga(N) + I3 +3ls +2), i.e., O(Nlog>(N) + 6).
The expectation of the guard interval is

po(0) = ﬁ:]i": “(0)0(0)1’;:142(1)11(1)*

a(0)a(0)* +a(1)a(1)*
a(0)a(0)* —a(1)a(1)*’

=03 (27)
where the guard interval is only connected to the forward path a(0) and the loop a(1).

Similarly, to ensure system stability, it is necessary to satisfy a(0)a(0)* —a(1)a(1)* > 0.
In addition, the IIR channel coefficients also have to satisfy a(0)a(0)* —a(1)a(1)* > 0
for the guard interval expectation to be in a reasonable range. It is demonstrated that for
IIR-OFDM, suppressing loops maintains the system stability and reduces the guard interval
expectation. However, loops cannot be completely suppressed and the performance of
IIR-OFDM under IIR channels will outperform that of classical OFDM.

3.3. Delay IIR Channel

Assume that the loop’s multipath effect is suppressed and the IIR channel order still is
l;. However, the IIR channel coefficients have a(i) = 0,i = [1,- - -, l; — 1] under this special
delay IIR channel, which can be regarded as a single-loop IIR channel with a large loop
delay. The expression for the guard interval under a special delay IIR channel is the same
as (23), which can be expressed as

k lg
Ey(k) = Z a(io)yv(k — io) + Z a(il)yv,l (k —i1+ lg) (28)
i(]:O 11:k+1

= a(0)yo(k) +a(1)yo-1(k—1+1g).
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Under the delay IIR channel, the complexity of GI depends not only on the maximum
delay of the loop, but also on the number of loops. Therefore, the complexity of the guard
interval is O(Nloga(N) + (Ig +1)? + 1), i.e., O(Nloga(N) + 5).

The expectation of guard interval under a special delay IIR channel is
2 N= 1[ ip= 0211 =04 (

) (il)*eﬂ”(iO*il)”/N
AnAf

po(k) = 22 2 (29)

+ Z:’0 k+122 k1 400 o)a(iy)*e?lo=in/N
AnAL

(75 Nil [a(O)a(O)l—::;lg)a(lg)*

0)a(0)* —a(lg)a(lg)*

Note that the special delay IIR channel has the same expectation although the am-
plitudes of the protection intervals are different, and the expression is the same as (27).
Therefore, this IIR channel should satisfy a(0)a(0)* — a(1)a(1)* > 0 for a reasonable guard
interval expectation and system stability. It proves that when the loop delay is large, the
number of Gls must be greater than or equal to the maximum number of loop delays to
maintain the circular convolution of the received signal and the loop channel coefficients.
However, the complexity of the guard interval does not increase with the maximum delay
of the loop and depends only on the number of loops.

4. Simulation Results

In this section, we validate IIR-OFDM from the bit error rate (BER). Suppose the
signal-to-noise ratio (SNR) in the simulation is 07 /03 BER indicates the probability of a bit
being incorrectly demodulated, while SNR represents the power ratio of a useful symbol to
the noise it carries. On the transmitter, the number of subcarriers is 128, transmitting one
frame containing two symbols at a time, i.e., v = 2. In addition, the simulation is based
on IIR-OFDM symbols modulated with quadrature phase shift keying (QPSK) in different
IIR channels. The loop response of the IIR channel follows a complex zero-mean Gaussian
Random Variable. IIR-OFDM is compared to classical OFDM, where both schemes carry
the guard interval of length I. Note that the guard interval for classical OFDM is replicated
from the tail sample of the signal. The details of the simulation parameters are as follows.

e  Modulation: QPSK.

¢ Number of subcarriers: N = 128.

¢ Number of transmitted symbols: V = 2.

e The loop response of the IIR channel: complex zero-mean Gaussian Random Variable.

The loss of loops is assumed to be  dB, which is to maintain the stability of the
IIR channel system under multiple loops. In addition, residual loops remain due to the
difficulty of complete loop suppression in practice. Figure 1 shows the amplitude of the
IIR-OFDM signal at values of different f; the red and black lines are the amplitudes of
the guard interval and OFDM signal, respectively. The number of loops is [¢ = 8, so the
length of the guard interval is 8. When = 10 dB, the poles of the system appear outside
the unit circle, the system is unstable, and the amplitude of the guard interval is larger
than the OFDM signal. Too large a guard interval will result in the Radio Frequency side
of the transmitter being unable to amplify linearly, and an unstable system will result in
the receiver being unable to demodulate. However, when = 20 dB, the guard interval
amplitude is similar to the OFDM signal since the system is stable.
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Figure 1. The amplitude of the IIR-OFDM signal at different  values.

The BER comparison under the IIR channel of the multipath loop is shown in Figure 2.
The number of loops is [; = 8 and follows a complex zero-mean Gaussian Random Variable
with 02 = 1. Suppose that hy = 1 to avoid the effects of the forward path, i.e., a(0) = 1.
The IIR channel system with l; = 8 is stable when g > 20 dB. When the guard interval
is ignored, the OFDM signal transmission power is the same for both schemes. Note that
the BER performance of both schemes increases with increasing loss of loops. However,
the BER of IIR-OFDM outperforms that of classical OFDM regardless of the loop loss. It is
demonstrated that IIR-OFDM signals can resist ISI from multipath loops.

Figure 3 and Figure 4 show the IIR-OFDM under the first-order IIR channel and
the special delay IIR channel, respectively. Suppose that Iy = 1 for both IIR channels to
avoid the effects of the forward path, i.e.,, a(0) = 1. In addition, the delay channel is a
two-order IIR channel with a(1) = 0. The loops for both IIR channels follow a complex
zero-mean Gaussian Random Variable with 02, = 1. The loop loss is increased by active
and passive suppression, so both IIR channel systems are stable when g > 15 dB. IIR-
OFDM outperforms classical OFDM in terms of BER performance in both channels. When
B = 15 dB, IIR-OFDM has a BER gain of about 0.8 dB compared to classical OFDM at a
BER of 103 over the first-order IIR channel and the special delay IIR channel. However,
when B = 20 dB, the BER gain of IIR-OFDM is about 0.2 dB at a BER of 10~3. Note that
the performance gap between IIR-OFDM and classical OFDM decreases as the loop loss
increases. When loops are completely eliminated, both performances become identical.
It is well known that the loop signal causes ISI to the received signal at the receiver.
Therefore, many active and passive suppression techniques for loops have been proposed.
Generally, passive isolation of the loop should be maximized to minimize the number of
more complex active pair cancellation techniques. This means that the loop signal power
leaking to the receiver is small, and does not require much active cancellation to attenuate
it to a tolerable level. However, completely canceling loops is a challenging problem. For
active cancellation, even if the transmitted signal is known in the digital baseband, it cannot
be completely canceled in the receiver due to radio frequency (RF) impairments and the
large power difference between the transmitted and received signals [18]. In addition, RF
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components have many non-idealities compared to an ideal demonstration setup, and low-
cost, small-sized full-duplex transceivers are more suitable for mass-market products [19].
Although the loop cannot be completely eliminated, the ISI caused by loop signals can be
greatly mitigated by the cancellation. Note that the channel model after loop cancellation is
still an IIR channel due to the presence of the residual loops.

100 E=

10'1 %

1072

BER

[—5—TIIR-OFDM, 3 = 20
‘|- |- - Classical OFDM, 3 = 20|
| —e—IIR-OFDM, g =23 |
‘|- - - Classical OFDM, § = 23|"

—o—TIIR-OFDM, 3 = 30
10™* E|- 9~ - Classical OFDM, 3 = 30 ::

103

SNR

Figure 2. BER comparison under the IIR channel of the multipath loop.

O e b RS, A A
—8—IIR-OFDM, 5 =15 ]
"1- A~ - Classical OFDM, 3 = 15| ]
—o—IIR-OFDM, 3 = 20

- ©- -Classical OFDM, g =20

.................................................................

SNR

Figure 3. BER comparison under the 1st-order IIR channel.
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|—8—TIIR-OFDM, =15 | R TER NN
= = - Classical OFDM, 3 — 15 |t .
| —e— [IR-OFDM, 5 = 20 s
|- ©- -Classical OFDM, 8 = 20|

0 2 4

Figure 4. BER comparison under the special delay IIR channel.

5. Conclusions

In this paper, we summarize and derive the guard interval characteristics of IIR-OFDM
under different IIR channel models. By modeling IIR systems with different channels,
the IIR-OFDM carrying the guard interval is resistant to interference from loop signals.
Moreover, the complexity of GI depends not only on the maximum delay of the loop, but
also on the number of loops. It is shown that IIR-OFDM performs better than classical
OFDM based on a theoretical derivation and simulation. As a remark, IIR-OFDM can only
be transmitted in stable IIR systems.
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