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Abstract: In this paper, we propose a new geometric-shaping design for golden angle modulation
(GAM) based on the complex geometric properties of open symmetrized bidisc, termed Bd-GAM, for
future generation wireless communication systems. Inspired from the circular symmetric structure of
the GAM, we construct the modulation schemes, Bd-GAM1 and Bd-GAM2. However, the optimization
problem is hard to solve analytically, we consider this problem in the domain of symmetrized bidisc.
Specifically, we joint the complex geometrics properties of symmetric bidisc and MI-optimized proba-
bilistic modulation scheme. The symmetric bidisc is a bounded domain on which the Carathéodory
distance and the Kobayashi distance coincide. We can use the pseudo-metric myp in unit disc D to
get the Kobayashi pseudo-distance and Carathéodory pseudo-distance. With minimum SNR and
entropy constraint, Bd-GAM1 and Bd-GAM2 can overcome the shaping-loss. This study finds that
each constellation point of Bd-GAM has a unique phase and gain. Compared with the existed golden
angle modulation introduced, the new design improves the mutual informaiton (MI), and the distance
between adjacent constellation points.

Keywords: Shannon-Hartley theorem; mutual information; symmetric bidisc; golden modulaiton;
geometric shaping; pseudoconvex domain

MSC: 94A14

1. Introduction

To further achieve spectral resources and provide high rate data transmission, the application of
constellation shaping in most existed modulation schemes have finite-dimension constellations. Phase
shift keying (PSK), amplitude PSK (APSK) [1], star-QAM [2] and square/rectangular-QAM have been
analyzed. QAM has 7re/6(~ 1.53 dB) SNR gap between the mutual information (MI) and the additive
white Gaussian noise (AWGN) capacity [3]. Geometric- and probabilistic- shaping were considered
to overcome the shaping loss. The research of this problem are nonuniform QAM [4,5] and PSK [6]
capacity optimization. In [7-9], there are some works about probabilistic shaping. In [10] and [11],
trellis shaping and shell shaping were proposed on probabilistic shaping. Geometric shaping with
circular symmetry (i.e. APSK) is an effective method to get (complex Gaussian) distribution. However,
the number of constellation points in each orbit (or ring) depend on the geometric shaping of some
modulation. Recently, [12-14] introduced a new framework inspired by Vogel [15]. [12,13] mainly
proposed Disc-GAM, Geometric Bell-GAM (GB-GAM), geometric-GAM and probabilistic-GAM. As
the core features of GAM, the golden angle in the phase domain and the radial/phase distribution
of constellation points were introduced. On the orbit (or ring), the constellation point of Bd-GAM
is located so that the angular distance between two adjacent points must be equal to a golden angle
Omin- In [12,13], the MI of GB-GAM is close to the channel capacity, i.e. 0 < MI =~ g, where H is the
constellation entropy. However, neither GB-GAM, nor Disc-GAM can get a good MI performance
over a wide SNR range. [14] has solved a numerical optimization problem to maximize the MI for
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every SNR by optimizing the radius ;. Finally, [14] proposed a Truncated Geometric Bell-shaped
GAM and solved the optimization problem by classical Lagrangian optimization. At the same time,
the numerical optimization problem, maximize the MI for any SNR, can be handled by parameterizing
the analytical magnitude expression such that the MI can be improved for a wide SNR range. The MI
performance of the new design in [14] is better than other designs, i.e. GB-GAM, disc-GAM and QAM.

We note that few works of GAM consider the complex geometric properties in the domain.
Pseudoconvex domain is a fundamental concept in the classical function theory of several complex
variables [16]. Let G, C C? be the symmetrized bidisc, which is the image of bidisc D, = {(z1,22) €
C?: |z1] < 1,|z2| < 1}, namely G, = {(z1 + 22,7122) : |z1] < 1,|z2] < 1}. The open symmetrized
bidisc [17] has attracted more interests in Engineering Mathematics and Complex Analysis such as the
spectral Nevanlinna-Pick interpolation problem. Inspired by the novel modulation shceme (GAM)
and complex geometric properties, the golden angle modulation based on the symmetrized bidisc
(Bd-GAM) is introduced. Notice that, the so-called Poincaré distance can be provided by mp. Poincaré
disc model is built up in the Euclidean plane. The distance between constellation points is defined
in Euclidean geometry [12-14]. In this paper, we will expand the study on geometric-shaping and
provide the performance analysis to Bd-GAM on G,.

The main contributions of this paper can be summarized as follows: 1) Two new modulation
cases of Bd-GAM1 and Bd-GAM2 have been presented. 2) Under the ‘'symmetrization map’, the unit
disc D is transformed into the symmetrized bidisc G, on D?. The complex numerical optimization of
MI metric allows larger constellation sizes on G,. 3) For the optimization formulation, the discrete
format of complex numerical optimization is derived. We present the Monte Carlo simulation results
of MI-performance with Bd-GAM.

The rest of this paper is organized as follows. In Section 2, we recall some related works about
the GAM, as well as complex geometric properties of symmetrized bidisc. Section 3 presents the opti-
mization problem of MI performance, arising from the constellation points of Bd-GAM. Considering
the complex numerical optimization of MI, we further modify the complex integration with discrete
format. Seciton 4 provides a MI performance simulations for the Bd-GAM1/2. The performance of the
Bd-GAM is evaluated by means of Monte Carlo simulations. The paper is concluded in Section 5.

2. Related Works
2.1. Golden Angle Modulation on D

Golden Angle Modulation (GAM) [12] is a recently designed modulation scheme, which can
provide enhanced MI and PAPR performance over QAM. This modulation scheme can be applied to a
wide range of research fields, such as wireless, optical and communication systems. [18] proposed
a new method to design SCMA codebooks based on the GAM [12] for downlink and uplink SCMA
systems. In [20], quantizers based on the GAM [12] were proposed. The quantizer shceme provides an
effective design and any number of centroids.

Consider the metric property of the unit disc itself on ID, the basic definition for unstructured
GAM modulation in [12] is

'n = Cdisc\/ﬁ 1
[ 2
Cdisc = Ni—l[il ()
Xy = 1?2 = _1,n € {1,2,..,N} (3)

where 7, is the radius of n- constellation point and 2776 is the golden angle, where 6 = % If ry is an
increasing spiral winding with #,, 41 > 1, and p;, = %, then P = ZnN:1 pnr,% = céis . ZnN:1 %n = cﬁis C%.
Moreover, for the probability of each constellation point, we have p, = % and p,4+1 < pu, which is

dependent on index n. [14] generalized the Disc-GAM and defined as follows:

'n = Cdisc\/ﬁ (4)
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where P is average power. This design is a punctured unit disk. N, is the number of inner constellation
points in the hole. N; is the total number of points in the unit disk. The probability of the n- constellation
pointis p, (pn = %).

The corresponding constellation of normalized GAM is in Figure 1. The first row of Figure
1 is the Disc-GAM [12], obtained with Eq. (1) - Eq. (3) as the number of constellation points are
N € {22,24,28}. The second row of Figure 1 is the Generalized Disc-GAM with Eq. (4) - Eq. (6) as
the number of constellation points are N € {22,2%,28}. The design of constellation points is spiral
phyllotaxis. There is enough distance between adjacent constellation points for blind estimation based
on decision method.
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Figure 1. Signal constellation of Normalized Disc-GAM and Generalized Disc-GAM with N € {22,24,28}.

Figure 2 depicts the constellation of normalized Disc-GAM vs. SNR. The first row is the Disc-GAM
with N = {22,24,28) and SNR = 10 dB. The other rows are the Disc-GAM with N € {22,2%,28} and
SNR € {22.5dB, 35 dB}. For the last column, the signal constellation magnitudes have the same
distribution as complex Gaussian for low SNRs, and the same distribution as uniform unit disc for

high SNRs.
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Figure 2. Signal constellation of Normalized Disc-GAM with N & {22, 24 28} and SNR ={10 dB, 22.5 dB, 35 dB}.

Geometric Bell-Golden Angle Modulation [12] was induced by the inverse sampling method and
approximates a complex Gaussian distribution. It is defined as follows:

rn = cgpy/In( ),n€{0,1,..,N—1} 7)

N-—n
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Cop = NP (8)
8 NInN —In(N!)

where N is the number of constellation points. P is the average power normalization constraint. 7, is
the complex amplitude of the n—th constellation point. The corresponding constellation of normalized
GAM is in Figure 3 with N = 2°. From this figure, one can observe that most of the constellation points
are dense around the center and the center point is the pdf-peak-point of the Gaussian distribution.
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Figure 3. Signal constellation of normalized Geometric Bell GAM with N = 2°.

In Table 1, we present in a unified way entropy and PAPR of five different modulation methods.
Disc-GAM has better PAPR performance than QAM, while QAM has 1.53 dB SNR-gap to the AWGN
Shannon capacity [3]. Here, PSK has PAPRpskx = 0 dB with poor MI-performance. From entropy-point
of view, the Disc-GAM is a special design of generalized Disc-GAM with punctured unit disk.

Table 1. Entropy and PAPR values for different modulation methods 1

Modulation format Entropy PAPR (N — o)
Bd-GAMI1 prop. Hy = log, 2N PAPR; = »2F; dB~1dB
Bd-GAM2 prop. H, = log, 2N PAPR, = PAPR;
Disc-GAM [12] H; =log, N PAPR; = 2 ~2dB

Geometric-bell-GAM [12] Hy =log, N PAPRy = % ~ PIn(N)
N 1-In gy
i isc- _ 2PNN; ~
Generalized Disc-GAM [14] Hs = log, NN NN, T) PAPR5 ~ 2 dB

1 As N — oo, the average power and peak power of QAM is higher than Disc-GAM with same average constellation point
distances.

2.2. Complex Geometric Properties of Open Symmetrized Bidisc

In this section, we review some basic properties of open symmetrized bidisc. For the open unit
disc D in C, the open symmetrized bidisc G, is the image of the bidisc D? under the ‘symmetrization
map’, namely

(zn, Xn) L (Zn + Xn, ZnXn) )

where Gy = {(zn + X, znxn) € C? : |z — 2%y | + |xn|2 < 1,zy,x, € D}. Meanwhile, G; is not
biholomorphic to any convex domain in C2 [20]. G, is a bounded domain on which the Kobayashi
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distance and the Carathéodory distance coincide. By definition [21], we can get the Carathéodory
pseudo-distance between any point (z1,x1) € Gy and (zp, x2) € Gy as follows

Ca, ((z1,%1), (z2,x2)) = sup(d(hy(z1,x1), by (22, X2))) (10)
where the supremum is defined accroding to all analytic functions

_ 28x1— 271

s Gy = D(hs = 51—

) (11)

and d denotes the hyperbolic distance on ID. Note that, 4, is holomorphic for any s € D in (C\{2/s}) x
C. Moreover, for the Lempert function K, in G, and pseudo-metric mp in D, we have defined

Kg, ((z1,%1), (22, 32)) = mf{{mm(hs (z1,x1), hs(22,%2)) } (12)

Then we can get the Kobayashi pseudo-distance as follows
Kg, = tanh™ (K¢, (13)
Let d denotes the hyperbolic distance on ID. We have

51— 52

d(s1,87) = tanh ™!
(Sl Sz) an 1_552

(14)

The analytic function ¢ is a complex geodesic on G; if and only if Cg, (¢(s1), ¢(52)) = d(s1,52) (51,52 €
D). For any (z1,x1), (z2,x2) € Gy, we have

0G,((z1,x1), (22, x2)) = inf(d(s1,52)) (V51,52 € D) (15)

There exists an analytic function ¢ : D — G, such that ¢(s1) = (z1,x1), ¢(s2) = (22, x2) for all
s1,82 € . By definition, we know that the Kobayashi pseudo-distance K¢, (Eq. (13)) on G; is the
largest pseudo-distance, but smaller than ég,. Then we have the following relation

Cg, < Kg, < dg, (16)

In particular, from the definition of J,, we can find that 5, = tanh~'S as any point of unit disc can
be moved biholomorphically to any other point of unit disc. S is the possibly smallest r € [0, 1), such
that there exists an analytic funciton ¢ : D — G, satisfying ¢(0) = (z1,x1), ¢(s) = (22, x2). Finally,
we recall that the complex geodesics of open symmetrized bidisc is the solutions of the Kobayashi
extremal problem [17] G,, which implies that

Ce, = Kg, = 0g, 17)

Notice, Eq. (17) is true for general convex domain in C" [22]. G is not biholomorphic to any convex
set in C2, but the Carathéodory pseudo-distance on G, coincide with Lempert function. For the
definition of the Kobayashi (pseudo) distance, we observe that the Kobayashi distance coincides with
the Poincaré distance in the unit disc. Thus, the Kobayashi (pseudo) distance Kg, on G; can be larger
than the Poincaré distance in the Euclidean plane, because the Poincaré distance coincides with Kp.
These properties can enhance the distance between adjacent constellation points and allow better
natural constellation point index order. Meanwhile, G, is a bounded pseudoconvex domain. By
altering some homogeneous plurisubharmonic polynomial of radius r,, we can solve the complex
optimization problem. An complex analysis method can be used to design the modulation. We also
note that few works of GAM consider the complex geometric properties of the domain.
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3. GAM on the Symmetrized Bidisc

In Table 1, the entropy and PAPR of GAM in C? are log, 2N and ZI%IIYH ~ 1dB (N — o). The
power normalization of original constellation point is 2N + 1. Compared to 2 dB for GAM on D, the
peak-to-average SNR Ratio is 1 dB for Bd-GAM on Gj. The design generalize the GAM to higher
dimensions in complex space.

3.1. Bd-GAM1
Definition 3.1 Let x,, = z,,. With the definition of G, we have

(Xnrzn) L5 (Xn + 2n Xnzn) © (20 Z0) 55 (2Re(z), |2a]?) & (Re(za), %) (18)

Denote (sn,qn) = (Re(zn), |zn |2), fn = Caise/M,Zn = €2 n € {1,2,..,N} and Re(z,) =
rncos(27tOn). As the average power of constellation points is a constraint, there is

ST
I
1=

(an pn S + Z pnqn

n=

3
Il
—_

N
(2pn — pa) (xn +20)* + 2 pi(xnzn)?

|
M=

3
I
—_

(2N —1)(Re(zy))

N
el - 2

YN n2)(c%..)? cdlSC(Z |, cos®(2mtOn) - n)(2N — 1)
N2 + N2
=cl- (Ctziisc) +c2- (Cdlsc)

—2+1/(c2)24+4-c1-P
= Cdisc =

2cl

._.
Z‘:»&a

I
1=

I
_

(19)

—~ =

(Cdisc > 0)

. 2 .
Remak 3.1: Let c1 = Lo 12 . clisa constant, i.e., c1 = . Notice that
. 3 x5 x7 2N+l
Slnx X — 3+?_ﬁ+ +O(2N+1 )
4 6

!
=15 - f o+ O)

X

Let y = x2. We have szf/‘y/y =1-35+3 g - 7! + - - -. Since the root of equation sinx = 0 is the set

{0, £, +27, ...}, we know the root of equation Si’lf;‘y/y = 0is the set {712, (271)?,. .. }. With the Vitea

1 1 1 1 n2
il 1 - 20
H2+(2n)2+ )= o ltm = (20)

theorem, we obtain

(

2
Then we getcl = o5 = (N, nz)ﬁ
Remak 3.2: 2 is bounded as the number of constellation points N are not infinite. In

fact, Y2, cos?(2r0n) -n = YN, w +Xaas = L COS(%GM + N(I\fl). The series
4716'71)
Z cos

is bounded as N is not infinite. The boundary is shown in Figure 4. The upper
bound and lower bound are often a good constraint of c2.
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Figure 4. The Upper/Lower bound for choosing the sum of series Z || cos?(27t0n) - n

From Remak 3.1 and 3.2, we show that c ;. is bounded. This makes the Bd-GAM possible with
higher dimensions. Compared with cy;s. in [12-14], Bd-GAMI1 can alter the value based on the complex
variable z, and the number of points. Meanwhile, the amplitude is r,  \/n. As r, depends on z, and
N, the following MI optimization problem can be solved without the limitation of constellation size.

Figure 5 shows the normalized Bd-GAML1 signal constellation with different points. The left part
(red box) of this figure is the original image set, denoted by D? = {(zn,xn) €C?:|zy| <1, |xn| <1}
The right region (blue box) is the image set { (x, + zy, X4z4) } under {f] (i =i f2) fix : D=
G2). The In-phase and Quadrature of signal are s, and gq,. Then we have (sn,qn) = (Re(zy),12) <
(Xn + Zn, Xnzn), where (Re(z,),73) € R%. {g; ;.’:1 (8j = (gj1,8j2)) is the inverse mapping set. Note that
it is denset at the bottom of bell.

05 05
. 02
Im(z(n)) O o Im(x(n))® . _f1, atn)
. g1 0.1
05 05
04 02 [ 02 04 04 02 0 02 04
Re(z(n)) Re(x(n)) 0

0.5 0 0.5

s(n)

0.2 0 0.2 . -0.2 0 0.2 X
Re(z(n)) Re(x(n)) A

stn) !
0.15 v
q(nf)ﬁﬁ
93 ’
. B
92 Re@my *? - R S 405 s?") 05 1

Figure 5. Normalized Bd-GAMI signal constellation with N € {22,24,28}.

3.2. Bd-GAM?2
Definition 3.2 Let x;, = —z,. With the definition of G5, we have

(xn,21) A (xn + 2z, Xn2zn) < (20, —2n) 4 (0, —zyzyn) & (0,—r,%ei4”9”) (21)

Denote (sy, gn) = (0, —r%ei4”9”),rn = Chise/ N, Zn = 1,270 1 € {1,2,---,N}. The average power of
constellation points is

~ 1 )
_ Z xnzn Z pnqn _ Z m7,461871911
n=1 n=1 (22)
N2
= Cdisc = (Cdisc > O)

4
(22171 n2€i87r9n)

Set N € {22,24,28}. The corresponding constellation of Bd-GAM?2 is Figure 6. The left part (red
box) of this figure is the original image set, denoted by D? = {(z,,, x,) € C? : |z,| < 1,|x,| < 1}. The
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right region (blue box) is the image set {(x, + zu, X4z, ) } under {f] 1(fi = fin, f2), fix : D = Ga).

Then we have (s, q,) = (0, —72e™") < (x, + 2y, Xnzn). {8 }]:1 (8; = (gj1,872)) is the inverse
mapping set. Note that it is a circular design, which can offer enhanced MI- and distance performance
over GAM and square-QAM design.
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. ° . M
05 ° p . . g 2 05
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f3 05
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93 -0.5 o

. 0 1 Al o 1 B O —
Re(z(n)) Re(x(n)) Tty

Re(q(n))

Figure 6. Normalized Bd-GAM2 signal constellation with N € {22,24,28}.

3.3. MI Optimization Problem of Probabilistic- and Geometric- B&-GAM: Bd-GAM1/2

Let N be the number of constellation points. p, = 4 is the probability for each constellation
point. Similar to G1 method [12], Bd-GAM1/2 can control the radius r, to maximize the MI. Itis a
difference that the proposed methods can synchronously select the radius and phase by optimizing
just a variable z,. With this method, we optimize z, that maximizes the MI for a given SNR. In the
region (sy,qn), the optimized n-th signal constellation point is z;; = r;:¢’2". Denote the complex
valued output y(y = re'®%) by r.v. Y. The complex valued input with discrete modulation is r.v. Z.
Then we have the following MI-optimization problem

maximize 1(Y,Z)

Zn

st |zpt1] > |zal, 21| 20,

N Pn|zn|2 y
ZT:slzpnzlln:{llz,...,N}-
n=1 n=1

(23)

In the above, the mutual information I can be expressed with terms i.e. the differential entropy #(Y) and
conditional differential entropy #(Y|Z). Meanwhile, we have I(Y|Z) = h(Y) —h(Y|Z) = h(Y) — h(W),
where (W) = log, (7e0?), h(Y) = — [ fr log,(fy)dy. h(Y) integrates in the complex domain and

)2

N 1 N  (y=z
fr=Y flylza)pn = —= ) pue 7 (24)
n=1 o n=1

With Eq. (24), we can get the discrete formation of 1(Y') as follows

1(Y,7)
1 Y ) N ~(y=zn)
“Jemez e logal )+10gz(nZane 2 )y
N NSk —z,)2
Yy $ e Dot (log( NNS )+ (25)
x (o |Zn| ) n=t (Ln=1|znl?)
N —NS(yH) —z,)?

logy (Y e =1 ) by(k = {1,2,...,K})

n=1
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In Eq. (25), we put Cyi(|za|) =
fNS(y(k) Zn)z
Z —1€ Lyt el

e C2(lal) =

7NS(y(k) 7274)2

= Tf(zy) and = | Fe Lol lenl?

1(Y,2) =
K-1

:= T§(z,). Then we have

K-1
{2{C1C Y T +C1 Y Tflogy(TH)} + {CICT + G T + Ci T log, (T3) }
k=2

k=2
(—sindy + icosO)re Yx %

+{C1C T + C T log, (TF) 1}

2N
For¢ = (Y,Z)and t = {t,t,}, we can write L¢(I, t) for an 1 %
are y) = 2(6) 1) The bivariate conditional pdf is p(y|z) = %

9of 14

logz(m), the sum of the series

(26)

(&)t;t- The baseband samples

. Without loss of generality, we

let tangent vector t = (—1I,, I,) € Téc(aQ) = {t € C?: 9I;(t) = 0} and boundary point ¢ € dG,\{0}

here. Calculations lead to the following formula:

a@) 1 g

9zn Nm41n2/ ¢ Zu(1+1In(fy))dy

a;ii) Nm.,4 o2 / ( zn — 2Re(y)) (1 + In(fy))dy

210 i v
920 0% N7w4 In2 ? A+ In(f) @~ = Yy -

Similarly, we have

2

Zn

—(y—zn)"

(e = 2Rely)

2

alg) 1 =l=zn)® 1
— = pne % (logy(—5) +log pre 2 1))
dy o2 Z 2 2 ;121
—(y—zn)2
9I1(¢) logzﬁ e (yvz 1n2 S )
PI(E) zu(y — zn) |
D [
*(y*Zn)Z
021 B _ z,—2R Zni(zy — 2R
aya(zi) B 1\617104 1112{(1 +In(fy)) (@ - : o2 e(y)) ot o2 e(y))}
—(y—2n)?
PIE) e 2 _ Y—2Re(zn), y(y—2Re(zy))
ayay - N7T0,41n2{(1+1n(f1/))(y_ 0_2 )_ 0_2 }

(27)

(28)

Let the average power of the signal be normalized and the noise variance is 02 = % We also have the

discrete formation. It follows that

k =Ns(yk) —zy)? k k
oTy —( —NS Je Dkl z oy _ l(ai)
aZn Z’\li |Zn|2 ! aZn N aZn
_ (k) _,, 2
oT} ~NS | Tt aTf 1 9T}
—L = (————)e Dn=1F"" (7, — 2Re(y)), =2 = —=(=>
= ) (20— 2Re(w)), 322 = o (321)
k NSy —zy)2 k k
ai = ( —2NS Je N Jznl? (y(k) _zn),aﬂ — lai
dy Zrl;] |Zn|2 %y N dy
k -NS® —zp? k k
T = (S e B (- g, O = L2
W LN |zl 9% Ny
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_ns®) o2
92Tk NS —zn)” —
L _ NNS 2)3 ZnNzl |20 |2 (%(Zifl — 2Re<y)) — 1)
02, 9Zn Yone1 |2n] Y1 |2n]
PTE 1 PTf
02,90z, N 92,0z,
92{Tklog, (T TRTE — Tk 4 27K 02Tk
{1 Ogi( 2)} — (log,(TH) + 12 1120 n2)-2 L
02,0z, N(Tg)z 02,0z,
?1(Y,Z) _ (29)
02,0z,
K-1 aZTk K-1 aZ{Tk log (Tk)} aZTl
2 1 198242 1
OG5 TO L T g, T OG5, 7O
(T} logy (T3} PTE | 9{TFlog,(TX)
21 +{CC L 4¢C 1 o202 —sind+
02,0z, } { ! zaznazn ! 02,0z, }}( k
icosty )k EﬂkZN
K
For the output Y, the Levi form is
Le(Lt) = Ly|Iz|* — I,z1z ]y — Iy, Iy + L7 | Iy | (30)

By Eq. (26) and Eq. (29), semi-positive definiteness of Eq. (30) can be verfied. It suffices to prove
that the region of the signal constellation points is a pseudoconvex domain. Then we can find some
function to design the radius in the region. The densest point at the center, i.e. where the pdf for the
complex Gaussian r.v. peaks, is a peak point relative to G; if there is a holomorphic funtion f satisfying

f(g)=1and |f(2)| < 1forall{ € G2\{}.

4. Numerical Results and Discussions
4.1. The Complex Geometric Properties Analysis of Bd-GAM1/2

In this part, we present the Bd-GAM signal constellation in Figure 7. Each modulation signal
points of Bd-GAM are labeled with the same color as their labels (i.e. n-ord F1/F2 stand for Bd-
GAM1/2 with N = 2"). We note that the shapes of Bd-GAM2 constellation expand as the modulations
increase from 2 to 10. Compared with Bd-GAM2, the geometric shaping of Bd-GAM1 is symmetric
and the boundary points shrink toward the center as the modulation N increases. The inner points
fill the interior of the bell along the direction of the tangent vector. In contrast to GAM, with natural
constellation point indexing, the proposed Bd-GAM can provide enhanced distance performance. In
the following, we plot the orbit for the points of the Bd-GAM signal constellation.

2-ord F1

_20rdF2
6-ord F2 _|
4-ord F2

0 0.2 0.4 0.6 0.8 1
s(n)

Figure 7. Bd-GAM1/2 signal constellation aggregation.

Figure 8 plots the orbit for each modulation signal. The left part of this figure is the orbit for
the symmetric center of Bd-GAMI. The orbit of the constellatio points becomes more flattened as
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the radius increases. Meanwhile, the orbit for the boundary points of Bd-GAM2 expands with spiral

phyllotaxis packing.
1 : 1
o e
0.9 ';. IR .'0. 0.8
. s e
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Figure 8. Orbit for the points of Bd-GAM1/2.

4.2. Magnitude Distribution of B&-GAM1

In Figure 9, we plot the magnitude distribution of Bd-GAM1 with different constellation points
(ie. N € {22,24,28}). Without noise, the first column of this figure presents the magnitude distribution
for constellation points in C? (denoted as sym-disc-in-C2) and points in C (denoted as disc-in-C1).
We observe that the signal constellation magnitudes of ‘sym-disc-in-C2’ are larger than magnitudes
of ‘disc-in-C1’. The middle column of it is the magnitude distribution with SNR = 22.5 dB. In the
eighth subplot, we can see that there exist some little oscillatory problem for the initial constellation
points. The last column contains three subplots of magnitude distribution for constellation points in
G, (denoted by sym-disc-in-G2/sym-noisy-disc-in-G2). Let ‘sym-noisy-disc-in-G2’ stand for the one
with SNR = 22.5dB and ‘sym-disc-in-G2’ is the case without noise. Clearly, we can see that Bd-GAM1
has a stable magnitude distribution and good ability to overcome the noise.

1

1
———-sym-disc-in-G2

- ——— sym-disc-noisy-in-G2

————sym-disc-noisy-in-C2
- ——— disc-noisy-in-C1

————sym-disc-in-C2
- ———disc-in-C1

°
°
[

Magnitude
Magnitude
°
o
T
\
!
\
\
Magnitude
\

0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Normalized index n/N Normalized index n/N Normalized index n/N

——— - sym-disc-in-G2 /"

———— sym-disc-in-C2 ————sym-disc-noisy-in-C2
- ——- disc-in-C1

- —— - disc-noisy-in-C1

Magnitude
°
&
\
A
Magnitude
°
&
\
Magnitude

0 0.2 04 0.6 08 1 0 0.2 04 0.6 08 1 0 02 04 06 0.8 1
Normalized index n/N Normalized index n/N Normalized index n/N

————sym-disc-in-G2
- ——— sym-disc-noisy-in-G2

——— - sym-disc-noisy-in-C2
- ——— disc-noisy-in-C1

———— sym-disc-in-C2
- ——— disc-in-C1

Magnitude
Magnitude
Magnitude

°

0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Normalized index n/N Normalized index n/N Normalized index n/N

Figure 9. Magnitude distribution of Bd-GAM1 with different constellation points (N € {22,24,28}).

4.3. Kobayashi Pseudo-Distance of Adjacent Constellation Points

In Figure 10, we illustrate the distance-performance for the Bd-GAM?2 in G, with hyper-distance
in C? and distance in Euclidean plane. The constellation size is N = 28 and SNR = 22.5 dB. Select
the front fifteen constellation points and calculate the distance between these points with other 255
constellation points over different domains (e.g. C2, Gy, and R?). Note that the distance for the adjacent
points in G, is always larger than the distance for the points of unit disc in Euclidean plane. These
constellation points keep relatively natural index order and the radial distribution of constellation
points can be tuned. This avoids regions overlapping, such as phase/amplitude region. With the MI
optimization problem, it is important to ensure the distance between adjacent constellation points as
the modulation N increases. However, compared with the distance in C?, the distances of Bd-GAM?2
in G, decrease. The reason is that the constellation points are designed along the orbit of the boundary
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points. Thus, a part of constellation points (or boundary points) may have phase drift or rotation under
the holomorphic mapping f. At the same time, this phenomenon can solve the geometric problem (i.e.
the analytic of the expression for r;,) for the siganl constellation points. When the complex geometric
properties, MI and power constraints are included, the inner constellation points in G, are designed by
Bd-GAM1 method. Using the geometric and probalilistic -shaping, we assume the signal constellation
design with r,; and let p,, be the pmf to find the optimal scheme for constellation points.

Figure 10. Distance-performance for the Bd-GAM?2.

4.4. Mutual Information Performance for Bd-GAM

In this section, we present the MI-performance of Bd-GAM1/2. Monte-Carlo simulations of the
Ml-performance curves are used. The MI estimator [14] is defined by

" 1 (k) x(k)

31
& OB N ) p(an) G

where K is the number of iterations. z is randomly produced by z, with p(z,) = px.

A. Bd-GAM1

In Figure 11, we compare two different modulation methods, Bd-GAM1 [12,13] and QAM, with
the AWGN Shannon capacity. The complex numerical integration is deduced in section 3.3. The
corresponding formulas are Eq. (25) and Eq. (26). We can use Eq. (27) - Eq. (30) to determine the orbit
of the constellation points with some geometric and probalilistic -shaping. As expected, there exists a
greater overlap with the AWGN Shannon capacity when the constellation points increase.

12

—— C=log,(1+SNR)
= = Ml asymptote QAM
~©-MIBd-GAM 1 of N=2+2%
MI DISC-GAM of N=2+2%
| [=©-MIBd-GAM1 of N=2%2°
——MI DISC-GAM of N=2+2°
8|~ |=°-MIBd-GAM 1 of N=2%2*
MI DISC-GAM of N=2+2*

-
=
T

N
o

©

Ml and Shannon capacity [b/Hz/s]

35

SNR[dB]

Figure 11. MI of Bd-GAM1 with N € {24,26,28}.

Compared with Disc-GAM [12,13] method, Bd-GAM1 have nearly the same MI-performance as
the AWGN Shannon capacity for low SNRs, and better MI-performance than Disc-GAM for high SNRs.
Meanwhile, Bd-GAM1 can overcome the oscillatory phenomenon of magnitude distribution for low
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SNRs. The constellation size is twice that of the Disc-GAM and the additional energy consumption
is required. But these costs are of less concren and in exchange for more MI-performance. Thus the
Bd-GAM1 is a better optimizaiton framework, maximizing the MI under the SNR constraint.

B. Bd-GAM2

In Figure 12, we illustrate the MI-performance for the Bd-GAM2 together with the AWGN
Shannon capacity. This design implies that H = log, N and we find that H = log, N — 1 is suitable for
Bd-GAM2. There exists a potential advantage for the geometric-shaping and probabilistic-shaping
(i.e. entropy H and pmf p,, are fixed for a given N). Note that, when the MI approaches the entropy,
Bd-GAM2 performs better than QAM method. Thus, Bd-GAM2 is suboptimal for MI < H — 1.

—a—C=log,(1+SNR)

~ — -MI asymptote QAM
~—— MI Bd-GAM 2 of N=2'2° -
——MI Bd-GAM 2 of N=2'2° L
10 MI Bd-GAM 2 of N=2*2* e B
—— MI Bd-GAM 2 of N=2'22

MI and Shannon capacity [b/Hz/s]

5 10 15 20 25 30 35
SNRI[dB]

Figure 12. MI of Bd-GAM2 with N € {23,25,27,2%}.

5. Conclusions

In this paper, we have proposed a new modulation format, Bd-GAM. With complex geometric
properties of open symmetrized bidisc and GAM, Bd-GAM1 and Bd-GAM?2 are designed to gain
more MI-performance. The theory of several complex variables has been applied to the modulation.
We introduced the geometric properties of bidisc and the Levi form for the boundary constellation
points in the pseudoconvex domain. By the semi-positive definiteness of the Levi form, we can find
the suitable constellation points to design the modulation. Compared with the shaping-loss of QAM,
Bd-GAM exhibit no asymptotic loss. In the future, the modulation methods are important for radio
communications systems. For large constellations, we can map the signal constellation points on other
complex domain. The the MI optimization can be solved by parameterizing the radius in one or two
variables. It is hoped that more interesting applictions about the theory of several complex variables
will be studied for any communication system or wireless.
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