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In 5G small cell applications, integrating Doherty power
amplifier (DPA) is essential to minimize the occupied area
and enable higher channel density. Existing integrated
DPA modules generally lack effective output harmonic con-
trol [1-4], which leads to suboptimal PA efficiency. This de-
ficiency limits the overall efficiency of the system and makes
the PA performance more susceptible to input nonlinearity
and variations in output harmonic impedance [5].

This study proposes a network that combines the DPA
with output harmonic control. The carrier of the combining
network has the second harmonic open-circuit characteris-
tic of the inverse class-F (F~1) PA while maintaining the
advantage of a compact structure. We designed a hybrid-
integrated DPA module operating in the 2.5-2.7 GHz fre-
quency, which benefits from the proposed combining net-
work and corresponding design method, yielding excellent
simulation and measured results.

Combining network with harmonic control. Figure 1(e)
shows the proposed combining network. Considering the
significance of carrier efficiency in DPA performance, the
second harmonic control characteristic is preferentially in-
troduced to the carrier.

Firstly, it is necessary that the combining network and
the quarter-wavelength (1/4\) line following the carrier
shown in Figure 1(a) maintain a consistent ABCD parame-
ter matrix,
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Next, to absorb the Cys of the HEMT into the combining
network, a CLC m-type structure is selected for transforma-
tion, as shown in the gray part of Figure 1(b), and it satisfies
(2) below. Here, C1 can be a negative capacitance,
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Subsequently, 7-T transformation is conducted, as shown
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in Figure 1(c) and (3). After the transformation, the incon-
venience of implementing the positive C1 at the drain of the
discrete HEMT is avoided. It is of note that Cy does not
necessarily have to be positive,
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Finally, to complete the impedance inverted and thereby
achieve the second harmonic open-circuit characteristic on
the current source plane required by the F~1, a short-circuit
point is introduced at the position where the second har-
monic transmission phase shift in the network is 90°. Then,
it is necessary to satisfy (4) for Cys, L1 and Y3,

Caslr1 = —5, Y3 = jwCipy = {JWCTL v
4wy 0, w = 2wg.
(4)
The requirement for Y3 in (4) can be achieved by means
of the structure in the purple area of Figure 1(d) under the
premise of (5). As Eq. (4) specifies C2, the network param-
eters except C'py in the previous step become a unique solu-
tion again, and the newly added Lp1 in this step becomes a
new independent parameter for controlling the equivalence

of C’,,Tl to Cy at frequencies other than wg.
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By simultaneously solving (2)—(5), the complete analyti-
cal solution of the proposed combining network can be ob-
tained. It is of note that second-order resonance is intro-
duced from Figures 1(a)—(d), and owing to the inherent
narrowband nature of resonance, the small signal matching
bandwidth typically experiences degradation. Fortunately,
this degradation does not have a significant impact on the
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Figure 1

(Color online) (a) 1/4X line; (b) lumped CLC 7-type equivalent; (¢) w-T" transformation; (d) second-order resonance

equivalent; (e) proposed combining network; (f) simulation results: combining loss and the waveforms of Vs and I4s; (g) PAE of
both the proposed network and traditional network; (h) bandwidth compensation mechanism of P,y and DE; (i) photos of the
module and EVB and performance comparison table; (j) measurement results of S-parameters; (k) measurement results of PAE
and Psag; (1) spectrum output from the proposed module before and after pre-distortion.

performance of the PA because the design of the PA focuses
more on power match rather than conjugate match. The
degree of freedom Lp1 here generates a beneficial compen-
sation mechanism for the efficiency bandwidth in the PA
back-off region, which is introduced as follows:
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The C7.; exhibits a positive correlation with Ly1 when
w < wo and a negative correlation when wo < w < 2wp.
This causes Lp1 to have a regulatory effect on the trajec-
tory of I'y,, as shown in Figure 1(h). When Lj; increases,
the trajectory of I'f, rotates counterclockwise around I'g, ()
and contracts.
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Eq. (7) shows that f belongs to a fractional linear map.
Then, at wo, the map from 'y to I'jy has conformality
(AB = Aa) and invariance of the expansion rate. This
also means that L, indirectly regulates the rotation and
expansion of I'j,. Thus, when the trajectory of I'j, rotates
around T'j, () to be close to the long axis direction of the
olive-shaped power contours, the number of power and ef-
ficiency contours intersecting with I'j, effectively decreases.
As a result, the bandwidth of efficiency can be effectively
compensated without having to pursue the maximization of
the small signal matching bandwidth. Taking Figures 1(b)
and (d) as the output match of the class-AB PA, the simu-
lation results confirm that the back-off efficiency bandwidth
of the proposed network is similar to that of the traditional
network under appropriate values of the L1, as illustrated
in Figure 1(g).

Application in DPA module. The designed module is
composed of a class-AB PA driving a DPA, and all the
PAs are fabricated using 0.25 pm GaN on SiC technology.

The DPA utilizes HEMTs with total gate widths of 1.1 and
1.8 mm. The combining network is implemented with 0201
and 0402 series high-Q SMDs attached to the top layer of
the multilayer substrate, and the devices of both technolo-
gies are assembled together in an LGA 8 mm x 8 mm pack-
age, as shown in Figure 1(i). Solid metal vias are used to
enhance the heat dissipation capability, and bonding wires
are used for interconnection. According to Figure 1(f),
the DPA operates in an approximately F~1 state. Mea-
surements indicate that within the frequency range of 2.5-
2.7 GHz, the Psat remains at 39.9 dBm; the PAE is 42%—
45% at an Payg of 31.3 dBm, as shown in Figure 1(k);
the drain efficiency exceeds 43.4%; the ACPR is less than
—48.5 dBc at an Payg of 31.3 dBm with a 160 MHz LTE sig-
nal has a PAR of 8.5 dB, as shown in Figure 1(1). According
to the table in Figure 1(i), this study demonstrates compet-
itive efficiency compared to state-of-the-art techniques.
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